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Abstract
One-dimensional nanostructures initiated new aspects to the materials
applications due to their superior properties compared to the bulk materials. Properties of
nanostructures have been characterized by many techniques and used for various device
applications. However, simultaneous correlation between the physical and structural
properties of these nanomaterials has not been widely investigated. Therefore, it is
necessary to perform in-situ study on the physical and structural properties of
nanomaterials to understand their relation. In this work, we will use a unique instrument
to perform real time atomic force microscopy (AFM) and scanning tunneling microscopy
(STM) of nanomaterials inside a transmission electron microscopy (TEM) system. This
AFM/STM-TEM system is used to investigate the mechanical, electrical, and
electrochemical properties of boron nitride nanotubes (BNNTs) and Silicon nanorods
(SiNRs).
BNNTs are one of the subjects of this PhD research due to their comparable, and
in some cases superior, properties compared to carbon nanotubes. Therefore, to further
develop their applications, it is required to investigate these characteristics in atomic
level. In this research, the mechanical properties of multi-walled BNNTs were first
studied. Several tests were designed to study and characterize their real-time deformation
behavior to the applied force. Observations revealed that BNNTs possess highly flexible
structures under applied force. Detailed studies were then conducted to understand the
bending mechanism of the BNNTs. Formations of reversible ripples were observed and
described in terms of thermodynamic energy of the system. Fracture failure of BNNTs
were initiated at the outermost walls and characterized to be brittle. Second, the electrical
properties of individual BNNTs were studied. Results showed that the bandgap and
electronic properties of BNNTs can be engineered by means of applied strain. It was
found that the conductivity, electron concentration and carrier mobility of BNNTs can be
tuned as a function of applied stress. Although, BNNTs are considered to be candidate
for field emission applications, observations revealed that their properties degrade upon
cycles of emissions. Results showed that due to the high emission current density, the
17

temperature of the sample was increased and reached to the decomposition temperature at
which the B-N bonds start to break.
In addition to BNNTs, we have also performed in-situ study on the
electrochemical properties of silicon nanorods (SiNRs). Specifically, lithiation and
delithiation of SiNRs were studied by our STM-TEM system. Our observations showed
the direct formation of Li22Si5 phases as a result of lithium intercalation. Radial
expansion of the anode materials were observed and characterized in terms of size-scale.
Later, the formation and growth of the lithium fibers on the surface of the anode
materials were observed and studied. Results revealed the formation of lithium islands
inside the ionic liquid electrolyte which then grew as Li dendrite toward the cathode
material.
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Chapter 1 -INTRODUCTION
1. 1.

One-Dimensional Nanostructures

Nanomaterials, structures with at least one dimension below 100nm, have
received a growing interest due to their superior properties in comparison to their bulk
counterparts.1,2 For instance, Agrawal et al.3 reported the elastic modulus of ZnO
nanowires increases from 140 to 160 GPa as the diameter of the nanowires decreases
from 80 to 20 nm. By comparing nanomaterials with bulk, one can notice that the surface
area to volume ratio increases significantly and becomes more important than the
morphology. In another word, a nanowire, for instance, has a higher portion of its atoms
on the surface compared to a bulk wire. This is very important factor for critical
applications involving catalyst applications,4 chemical5 and gas sensors.6 Takagi7 also
reported for the first time that decreasing in the crystal size can reduce the melting
temperature compared to that of the bulk. These results promised various types of
applications of one-dimensional nanomaterials in nanodevices.
One-dimensional nanostructures introduced new aspects to the materials
applications. For instance, carbon nanotubes (CNTs) are one of the best reinforcement
candidates to enhance the stiffness and fracture toughness of epoxy matrices by addition
of only 0.1wt%.8 Investigation showed that Zn nanowire arrays showed size-dependent
melting behavior due to the heat of fusion change with the change of the diameter.9
Therefore by utilizing these properties, one can modify nanostructures to build new
devices.
This project is mainly focused on two types of one-dimensional nanostructures;
boron nitride nanotubes (BNNTs) and silicon nanorods (Si NRs). Mechanical, electrical,
thermal, and electrochemical properties of BNNTs and Si NRs were characterized using
in-situ TEM techniques. In below sections, we briefly described the important properties
and terminology that has been used for the characterization of these nanotubes and
nanorods.
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1.1.1

Boron Nitride Nanotubes

Boron nitride nanotubes (BNNTs) are one of the most attractive one-dimensional
materials that have similar structure to CNTs.10 Similar to CNTs their morphology is
hexagonal, as shown in Figure 1.1a, and it can be indexed based on the chiral vector. To
build a nanotube, one can roll up a sheet of BN. Therefore, as indicated in Figure 1.1a,
the sheet can be rolled along the R direction from point A to point B. If R lies along the
Armchair line, then the nanotubes chirality is Armchair. If the wrapping angle, φ, is equal
to 30°, then the nanotubes is called Zigzag, and when 0<φ<30, the nanotubes is called
chiral. One can also observe that every boron atom is surrounded by six nitrogen atoms.
Figure 1.1a represents three different types of chirality that can be obtained for BNNTs
including, zigzag, armchair or chiral. Figure 1.1b depicts a single-walled BNNT and in
Figure 1.1c an individual multi-walled BNNT is shown.

Figure 1.1 (a) schematic of a BN sheet to roll up and build a nanotube. (b) illustrates a single-walled
BNNT. (c) low magnification of an individual multi-walled BNNT, indicating the presence of no
contamination on the sample. (d) high-resolution bright-field image of a BNNT placed on the carbon
coated grid.

Replacing the strong covalent sp2 bond between carbon atoms by B-N bond is the
main reason that their properties are different than those of their counterpart. Note, since
the number of electrons in B-N bond is similar to that of the C-C bond, boron nitride
structures have covalent structures with certain degree of ionic properties. For example,
theoretical11,12 and experimental13,14 results showed that the Young’s modulus of the
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BNNTs is slightly lower than that of the CNTs. Interestingly, BNNTs show insulating
behavior, which can be tuned upon filling the nanotube by conductive elements.
Therefore, they can be used as strong coating layer for soft conductive materials for
different purposes and applications.15 A summary of their mechanical, electrical and
thermal properties reported in the literature is listed in Table 1.1.
Different BN structures such as, single-walled,16 multi-walled17 and doped
BNNTs18 were synthesized using various techniques. Similar to carbon, nanostructures
such as BN fullerene19 and BN nanosheet20 were also observed. Arc-discharge21 and
chemical vapor deposition22 are among the most common synthesis methods. However,
techniques such as substitution reaction,23 where CNT is used as a template, and laser
ablation24 are common as well.
BN nanosheets, for instance, can be deposited on various types of nanowires to
form special cold electron field emitters.25 BN fullerene26 can be react with CO
molecules and lead to formation of CO2. Similar to carbon fullerene,27 BN fullerene can
also be used to store different nanomaterials for various purposes. Considering
advantages that BNNTs possess over their counterpart, one can propose broad type of
applications.

Table 1.1
Represents the reported mechanical, electrical and thermal properties of different BNNTs available in the
literatures.
Sample

Multi-walled

Single-walled

Young’s modulus

0.5-0.6 TPa14,28

1-1.2 TPa11,12

Bandgap

5.429-5.917

-

Thermal conductivity

18 W/mK30

-
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1.1.2

Silicon Nanowire/Nanorods

Silicon is the most abundant element after oxygen in the universe and possesses
remarkable characteristics. Due to its semiconducting properties, it is attractive for
different industrial proposes such as solar cells,31 nanoelectronic devices.32 Hochbaom et
al.33 reported enhancement of thermoelectric performance of Si nanowires compared to
that of the bulk. The significant improvement in the thermal conductivity is explained in
terms of fundamental physics of heat transfer in the one-dimensional nanostructure of Si.
Table 1.2 compares reported range of the Young’s modulus, resistivity and thermal
conductivity of Si bulk with those of the nanowires.
Table 1.2
Represents the reported mechanical, electrical and thermal properties of different BNNTs available in the
literatures.
Sample

Young’s modulus (GPa)

Resistivity (Ω.cm)

Thermal conductivity
(W/m.K)

Si Bulk

17034

0.6435

24136

Si NWs

93-25037

0.0138

5-5039

Another potential application for Si is in lithium-ion batteries, to replace the
carbonaceous anodes, which are used in the common batteries. The fundamental reason
behind that is that each Si atom can accommodate up to 4.4 Li atoms (Li22Si5),40 while in
graphite each carbon atom can accommodate 1/6 Li atom (LiC6).

1. 2.

The Order of Chapters in This PhD Dissertation

In order to study mechanical and electrical properties of BNNTs, as described in
Chapter 2, thermal chemical vapor deposition (CVD) technique were used to prepare our
samples. CVD technique does not require dangerous chemicals precursor and can be
operated in a conventional tube furnace at relatively lower temperature. High-resolution
TEM images confirmed the high quality and concentration of the products.
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Previous studies13,41 have shown that Young’s modulus of BNNTs is comparable
to that of the CNTs. However, some degree of difference in mechanical properties due to
change in electronic structure of BNNTs is expected. Replacing strong covalent sp2 bond
between carbon atoms by B-N bond is the main difference between BNNTs and CNTs.
Several experimental and computational methods are used to explain the mechanical
properties of BNNTs, yet the results have not been systematically compared. In Chapter
3, we conducted a thorough literature review to better understand the prior works on the
mechanical properties of BNNTs from both experimental and theoretical perspectives.
We realized that there is lack of detailed studies on the underlying mechanisms
responsible for high mechanical flexibility of BNNTs. To further analyze and
characterize the mechanical response of BNNTs under cyclic loading and to reveal the
structural details responsible for their high flexibility, a series of in-situ mechanical
experiments were performed on multi-walled BNNTs. In Chapters 4 and 5, the multiwalled BNNTs were subjected to bending deformations at two ranges of α<60° and α
>120°. We found out that when α<60°, BNNTs recovered their original shape upon
removing the applied force. The high-resolution TEM images revealed that bent BNNTs
form multiple rippling upon buckling, by which the nanotubes can accommodate the
applied deformation. However, upon bending curvature of α >120°, structural failure was
observed after several cyclic loadings.
The surprising high mechanical flexibility of BNNTs means that they can be used
in future micro-and nano-electronic devices, however the effect of mechanical straining
on electrical properties of nanotubes was not quantified. Therefore, in the next step, the
electronic conductivity of BNNTs was studied as a function of applied mechanical
straining. Although, BNNTs are considered to be electrically insulator (due to a wide
band gap of 5.4-5.9 eV), theoretical simulations predict that their electronic properties
can be tuned by means of mechanical deformation.42 In-situ TEM studies43 confirmed
that under applied force the insulating characteristics of BNNT converts to
semiconducting. However, no quantitative study had been performed to correlate the
amount of mechanical strain and the changes in the electrical conductivity of the
nanotubes. In Chapter 6, the current-voltage behavior of BNNTs was studied under
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various amount of bending deformation and a metal-semiconductor-metal model was
used to retrieve the electrical resistance, resistivity, mobility, and carrier concentrations
in deformed BNNTs. By engineering the electrical properties of BNNTs, they can also
become a superb candidate for field emission (FE) applications.44 In-situ FE experiments
conducted by Cumings et al.45 on individual BNNTs showed stable current at high bias
voltages. However, the stability of emission current under multi-cycle measurements is
not studied. Since long-term emission stability is one of the major factors that preventing
practical applications of nanotubes,46 it is thus important to further understand the
performances of BNNTs for potential applications in flat panel displays. In Chapter 6, a
detailed study on the stability of emission current during cycles of FE experiments were
also performed. The TEM analysis of the FE cycled nanotube revealed the likelihood of
structural decomposition that can explain the reduction in the field enhancement factor.
In addition to their high mechanical flexibility, the thermal stability of BNNTs is
also remarkable. In fact, one of the superior properties of BNNTs is their high
decomposition temperature, ~1000c, while CNTs decompose at ~500c.22 Hence, in
Chapter 7, in-situ Joule heating experiments were conducted to characterize the
decomposition mechanism at relatively high temperatures. HRTEM showed that the
decomposition failure occurs due to the dissociation of atomic structure resulting in the
formation of nanoparticles with different sizes and population density.
In addition to electromechanical and thermal characterizations, in-situ
electrochemical studies can be conducted inside TEM chamber. In Chapter 8, a simple
nanobattery was constructed to mimic the true electrochemical reactions that occur inside
a lithium-ion battery. Lithium-ion batteries have had a huge impact on our daily life.
Silicon is one of the most promising replacements for the current carbonaceous anode
materials in lithium-ion batteries. The problem, however, with silicon anode materials is
that they expand and shrink excessively during charging-discharging cycles.47 Over
several life-cycles, this process leads to formation of crack and eventually capacity
fading. In contrast to bulk Si anode, recent studies48 showed that Si nanowires/nanorods
accommodate the volume expansion without significant structural failure. The onedimensional morphology of nanowires is expected to better accommodate with lateral
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strains generated upon Li+ intercalation. In-situ electrochemical studies were conducted
in Chapter 8 to investigate the intercalation of lithium atoms into amorphous Si NWs.
The results confirmed the direct formation of Li22Si5 phase due to intercalation of Li-ions
as well as radial straining.
Aside from the capacity concern of the anode materials, safety of the lithium-ion
batteries is also a key issue. After several charging-discharging cycles, a short circuit can
be created between the cathode and anode due to the formation of lithium dendrite on the
anode surface.49 In a severe case, when a high rate of overcharging is applied to the cell,
it can catch fire or even explode.50 Therefore, in Chapter 9, in-situ experiments were
conducted to understand the mechanism of dendrite formation and growth. Our
observations revealed the formation of lithium islands inside the ionic liquid electrolyte.
These islands continued to grow as Li dendrite toward the counter electrode parallel to
the applied electric field.
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Chapter 2 -EXPERIMENTAL GROWING METHOD
As mentioned earlier, several types of synthesis techniques can be used to
produce BN nanostructures. These techniques are challenging and require very high
growth temperatures (>1500 °C), a specific fabrication system, or dangerous
chemistry.21,22 BNNTs were synthesis for the first time by Chopra et al.,21 using arcdischarge technique. Later on, techniques such as laser ablation,24 substitution reactions
from CNTs51 and ball milling52 were developed to optimize the growth yield and reduce
the impurity. The impurities include BN amorphous structure and several by product
from the media.
Chemical vapor deposition (CVD) technique is another synthesis method which
can be used to grow BNNT inside a furnace. Recently, BNNTs were grown without
dangerous chemicals in a conventional tube furnace at relatively lower temperature.17 We
grow these nanotubes under the supervision of Prof. Yap in Physics Department at
Michigan Tech. These BNNTs are grown directly on Si substrates by thermal chemical
vapor deposition at 1100-1200 °C, as shown schematically in Figure 2.1a.

Figure 2.1 (a) Schematic of synthesis process of BNNTs inside the furnace. (b) SEM image of as-grown
BNNTs.

Figure 2.1b shows the scanning electron microscope (SEM) image of the asgrown BNNTs. It can be seen that nanotubes are straight and a few micrometers long.
Inside the furnace, B powder react with the MgO which results in the oxidation of boron
in gas form in the reaction area, as shown in the reaction 1. Then, in the next step which
is shown as reaction 2, the boron oxide gas react with the ammonia gas that is introduced
into the furnace. The product of this reaction is BNNTs, which forms on top of the Si
substrate placed on the boat, as shown in Figure 2.1.
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2B (s) + 2MgO (s) => B2O2 (g) + 2Mg (g)

(1)

B2O2 (g) + 2NH3 (g) => 2BN (s) + 2H2O (g) + H2 (g)

(2)

Figure 2.2a shows a high resolution TEM image of the wall structure in a multiwalled BNNT. The line intensity shown in Figure 2.2b along the dashed line (marked as
d) in Figure 2.2b indicates that the distance between walls is around 0.35nm. The
interlayer distance is in good comparison with the reported results in the literature.53

Figure 2.2 (a) High resolution TEM image of a multi-walled BNNT. (b) The line intensity along the
dashed line in (a) indicates that the distance between walls is around 0.35nm.
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Chapter 3 -ON THE MECHANICAL BEHAVIOR OF
BORON NITRIDE NANOTUBES
The material contained in this chapter was previously published in the Applied
Mechanics Reviews (Reprinted with permission from H. M. Ghassemi and R. S. Yassar,
Applied Mechanics Reviews 63, 020804-1 (2010). Copyright 2010, ASME)

3.1.

Introduction
The discovery of nanotubes has introduced new aspects of research experiments.

A boron nitride (BN) nanotube has structural analogue similar to a carbon nanotube in
nature, where alternating B and N atoms entirely substitute for C atoms in a graphitic-like
sheet, as shown in Figure 3.1.

Figure 3.1 Schematic of a single wall BN nanotube

Different methods of BN nanotube synthesis are available such as arc-discharge,54
laser ablation,55 and substitution reaction.56 But the most efficient method which is
capable of synthesizing reasonable amount of BN nanotubes is chemical vapor deposition
(CVD).57 For pure carbon nanotubes, theoretical calculations predict that mechanical
properties depend on radius and chirality of the nanotubes.58 However, some degree of
difference in mechanical properties due to change in electronic structure of BN nanotubes
is expected. Replacing strong covalent sp2 bond between carbon atoms by B-N bond is
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the main difference between BN nanotubes and carbon nanotubes. BN nanotubes show a
preference for zigzag lattice formation, since an atomic layer of B has considerably more
surface energy than one comprised of N atoms.59 In fact, due to presence of σ bonds in
BN nanotubes, charge distribution between the B atoms and the nearest N atoms occurs.
Therefore, the distribution of charge density along the BN nanotube is not uniform
anymore. In addition, the effect of isolated electron pairs localized at the N atoms or
localized π electronic states in BN nanotubes alternate for that of the delocalized π
electronic states in carbon nanotubes. These differences between BN nanotubes and
carbon nanotubes cause the differences in physical, chemical, and mechanical
properties.60 Another effect of the BN bonds may be destabilizing single-wall nanotube
formation and strengthening so-called “lip–lip” interactions between adjacent layers in
multi-walled BN nanotubes.61 So the mechanical properties of BN nanotubes can be
predicted as well as those of carbon nanotubes.
Several experimental and computational methods have been used to explain the
mechanical properties of BN nanotubes, yet the results have not been systematically
compared. To the authors’ knowledge, this is the first review of mechanical properties of
BN nanotubes. Our goal is to provide a better understanding on the relationships between
mechanical properties and structural characteristics of BN nanotubes. A more thorough
review on the electrical, optical, and thermal properties of BN nanotubes was discussed
in a recent article,53 hence they are not reviewed here.

3.2. Thermal Vibrations of BN nanotube

Chopra and Zettl13 were the first to measure the elastic modulus of individual BN

nanotubes grown by the arc discharge method. The tests were performed inside a high
resolution transmission electron microscope (HR-TEM) equipped with a thermal
excitation apparatus. With the thermal vibration method, increasing the temperature of
the specimen results in vibration. Figure 3.2 is a TEM image of two BNNTs during
thermal vibration experiments. As shown, the tip of the longer one is not in focus, which
is due to higher amplitude of the thermal vibration. This was verified by performing a
focusing plane and rotation study. Figure 3.3 shows the root mean square (RMS)
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transverse nanotube vibration amplitude in relationship to the distance from the base of
the nanotube.

Figure 3.2 Thermal vibration can be used to estimate the elastic properties of a BN nanotube.13 (Reprinted
with permission from Solid-State Communications, 1998. 105(5): p. 297-300 Copyright 1998, Elsevier
Science Ltd.)

The magnitude and functional form of the vibration amplitude data of Figure 3.3
allowed measuring the elastic properties of BN nanotubes. The authors approximated the
nanotube as a cantilever beam with a uniform circular cross section of outer diameter

(3-1)

where ωn is the frequency, Y is the Young’s modulus, and βn=1.8751, 4.6941, 7.8548,
10.996 for n =1, 2, 3, 4 respectively. Furthermore, µ is the mass per unit length, I is the
moment of inertia of the tube, and L is the beam length. From the fit in Figure 3.3 (solid
line), the maximum RMS amplitude of oscillation was reported to be 0.8 nm. This fit,
together with the measured dimensions of the nanotube, a = 3.5 nm, b = 2.2 nm and L =
153.8 nm, yields an elastic modulus of Y = 1.22 TPa for the BN nanotube at T = 300 °K.
The uncertainties was estimated to be roughly 0.1 nm in a,b, and L. This led to an
uncertainty in the absolute value of Y of order ±20%. The Young’s modulus BN
nanotube was calculated to be 14 times greater than the measured in-plane modulus of
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bulk hexagonal BN material. This difference can be because the tube has no defect while
the bulk hexagonal material could be a composite of defected layers.

Figure 3.3 RMS amplitude of oscillation as a function of position from the base. The solid line shows the
best fit.13 (Reprinted with permission from Solid-State Communications, 1998. 105(5): p. 297-300
Copyright 1998, Elsevier Science Ltd.)

Although this method can estimate the elastic modulus of BN nanotubes at
different lengths, the main limitation is that this elastic modulus is calculated on the tip of
the nanotube. Therefore, the elastic modulus is length dependent. In addition, the
calculation is based on the distance from the fixed base, and other geometrical
parameters, such as chirality, diameter of nanotube, and numbers of walls were not taken
into account. Moreover, the applied method does not capture the force-displacement
relationship in the tube and therefore no information can be obtained regarding the tensile
strength and elongation to failure.

3.3. Electric Field Induced Resonance Method

Suryavanshi et al.41 measured the elastic modulus of BNNT grown by carbon free

chemical vapor deposition (CVD) process. The authors used the electric field induced
resonance method inside a TEM. The TEM sample holder was retrofitted with a
manipulator integrated with a quadruple segmented piezoelectric tube. A tungsten (W)
probe having a tip radius of less than 200 nm was used as the counter-electrode. A
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sinusoidal AC signal was applied between the BNNT and the W probe. They conducted a
detailed study on the elastic modulus and resonance behavior of BNNTs through the
measurement of a set of 18 individual BNNTs. The diameters of the measured BN
nanotubes ranged from 34 to 94 nm, and the lengths from 3.09 to 11.65 mm. First and
second mode harmonic resonances of cantilevered BN nanotubes were induced, the
resonance response curves were acquired, and the effective elastic modulus was deduced
based on the classic beam mechanics following this equation;
(3-2)

where d1 is the outer diameter, d2 is the inner diameter, L is the cantilever length of the
nanotube, βi is a constant determined by boundary conditions, and fi is the resonance
frequency for the harmonic resonance mode i. For BN nanotube, the density of 2180
kg/m3 was used, according to the density of hexagonal-BN.

Figure 3.4 Electric Field Induced Resonance method was used to measure the elastic properties of a BN
nanotube. TEM images showing (a) A cantilevered BN nanotube with an outer diameter of 43 nm, an
inner diameter of 12 nm, and a length of 9.75 mm, (b) the first mode of the BN nanotube, and (c) the
second mode of the BN nanotube. The dotted lines in (b) and (c) are the analytical fit to the corresponding
deflection contour of the resonances.41 (Reprinted with permission from Applied Physics Letters, 2004.
84(14): p. 2527-2529 Copyright 2004, American Institute of Physics.)
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Figure 3.4 shows the TEM images of the cantilevered BN nanotube with the
modes of harmonic motions. The value of E from was obtained to be 722 GPa for a 34
nm diameter tube. According to the Equation 3-2, the elastic modulus E is proportional to
L4, which makes the estimation of E to be responsive to the length measurement. This
means that long nanotubes, in principal, should yield a higher elastic modulus in
comparison to short tubes. However, the authors did not observe reliance of elastic
modulus on the outer diameter and the length of the BNNTs (see Ref. 11, Figure 3.4). In
addition, the simplifying assumption of classical cantilever mechanics might not be
accurate for nanotube structures. Similar to the thermal vibration method, this technique
does not provide much understanding of the tensile properties of nanotubes.

3.4. Multi-Cycle Bending Deformation

Golberg et al.14 conducted a series of multi-cycle bending deformation of an

individual multi-walled BN nanotube inside a high-resolution TEM using a piezo-driven
scanning tunneling microscope (STM) holder. Figure 3.5 shows the experimental setup.
The BNNTs on a gold wire were inserted into the movable part (sapphire ball) of the
piezo-driven side entry TEM holder.

Figure 3.5 Experimental setup for multi-cycle bending of BN nanotubes performed inside a highresolution analytical transmission electron microscope (HRTEM). The inset shows a TEM view of the
setup.14 (Reprinted with permission from Acta Materialia, 2007. 55(4): p. 1293-1298 Copyright 2007,
Elsevier Ltd.)

33

The authors conducted multi-cycle bending experiments on BN nanotubes where
the bending angle could achieve ~70o (Figure 3.6). The authors reported that the preexisting nanotube helicities did not influence the deformation. They also noticed that the
BNNTs are highly flexible. The bending cycles could be performed at least twenty times
without the observation of any failure in the BNNT. They contradicted the pre-existing
belief about BNNT brittleness because the B-N bond is partially-ionic. Similar
experimental62 and theoretical63 measurements indicate high flexibility for carbon
nanotubes, but this was not expected in BNNTs. Another discovery was that the nanotube
deformed at the kink point, where, non-stoichiometeric B-rich BxN tetragonal phases
were dominant. Figure 3.6 shows high resolution images of deformation kinks in the
nanotubes. The only notable change in the nanotube morphology happened after
numerous deformation cycles, where the BN filling phase was graphitized similar to a
flattened condition.

Figure 3.6 The multi-cycle bending experiments on BN nanotubes inside a TEM. distortion of the tubular
layers nanotube takes place (a and c), but the straight shape is recovered after reloading (b and d).14
(Reprinted with permission from Acta Materialia, 2007. 55(4): p. 1293-1298 Copyright 2007, Elsevier
Ltd.)
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These experiments provided the first observation of deformation behavior in BN
nanotubes; however, no quantitative data was reported on the force-displacement
calculations. Therefore, the measured values of BNNT’s mechanical properties remained
unknown. The lack of such data motivated the authors to pursue the experiments with
another setup that allowed the quantitative characterization of force-displacement data
(see Section 3.5). The tests were limited to bending experiments and no information on
tensile properties could be obtained.

3.5. Direct Force Measurement under Combined AFM and
TEM

Golberg et al.28 were the first to perform the direct force measurements under

bending of Multi-Walled (MW)-BN nanotubes of various diameters. The force
measurement experiments were carried out using an atomic force microscopy (AFM)
holder, which was placed into the TEM (Figure 3.7). For AFM measurements, a silicon
cantilever was attached to a fixed Microelectromechanical Systems (MEMS) force
sensor, and an aluminum wire with a mounted BN nanotube sample was placed on the
piezo movable side of the holder. The force reading was conducted by the piezoresistive
properties of the Si cantilever enabling direct conversion of displacement values into
force data. This allowed them to evaluate the bending stresses and to estimate the elastic
modulus of individual BN nanotubes while monitoring the lattice changes during the
deformation process.

Figure 3.7 Schematic of the AFM-TEM holder. The inset on the right shows a TEM view of the framed
area of an individual multi-walled BN nanotube. The position of the tube against the cantilever can be
accurately attuned.28 (Reprinted with permission from Nano Letter, 2007. 7(7): p. 2146–2151. Copyright
2007, American Chemical Society.)
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The force-displacement curves during the deformation of a thick (100nm) and a
thin tube (40 nm) are shown in Figure 3.8. The inset images demonstrate the bending
process of BNNTs. The applied deformation forces for ~900 nm displacement were
directly measured to be 900 nN and 300 nN for the thick and thin tubes, respectively.

Figure 3.8 Force –piezo displacement curves obtained using a AFM-TEM holder. (a) shows the data for a
thick BN nanotube; and (b) for thin BN nanotubes.28 (Reprinted with permission from Nano Letter, 2007.
7(7): p. 2146–2151. Copyright 2007, American Chemical Society.)

The elastic modulus of the BN nanotube was also calculated using the Euler’s
formula:64
(3-3)

where, L was the length of the BNNT between the two contacts,d1and d2were the internal
and external BN nanotube diameters respectively, E was the elastic modulus, and FEuler
was the force applied. The values of the elastic modulus were found to be in the range of
0.5-0.6 TPa.
The in-situ deformation process allowed the authors to follow the sequence and
time scale of the BN nanotube buckling/kinking phenomena that took place due to the
applied large bending forces. It was observed that at bending angles more than 115o, a
residual plastic buckle could remain in the structure of the tubes. This resulted in the
formation of ~30o angled-kinks on BN nanotube after unloading. While at lower bending
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angles kinks quickly disappeared in a spring-like fashion when the load was removed
(Figure 3.6).
The in-situ experiments are difficult to perform due to the sliding of BNNTs over
Si contact. This makes reliable statistical analysis of the data (including error analysis)
rather difficult. Such sliding can only be prevented in the case of very tight physical
contact between a tube and the mechanical clamps. In addition, the effects of high energy
(300 kV) electrons on the BNNT defect formation were not fully ruled out. No tensile
experiments were conducted; therefore, the tensile properties of the tubes remained
unknown.

3.6. Modeling and Simulation of BN Nanotube Mechanics
Apart from experiments, a number of computational calculations have been
conducted to estimate the mechanical properties of BNNTs. Song and Jiang11 used a
hybrid atomistic/continuum model based on inter atomic potentials for B and N, and
studied the Stone-Wales (SW) transformation65 in BN nanotubes subject to tension. SW
transformations are topological defects which correspond to the 90o rotation of a B-N
bond with respect to the center of the bond. The defect creates two pentagon-heptagon
pairs. This model established an inter atomic potential based on:
(3-4)

where VR and VA are the repulsive and attractive pair terms that depend only on the
distance rij between a pair of atoms i and j, and Bij represents the multi-body coupling
that depends on neighboring atoms through bond angle. It is used for atoms near the
defect. The authors calculated differences between the energy level of a perfect nanotube
(without any defects) and nanotubes with defects (shown as ΔE). Figure 3.9 illustrates the
calculated ΔE versus the percentage of deformation. The SW transformation occurs and
generates the 5-7-7-5 defects when the tensile strain reaches 11.47% for (5, 5) armchair
and 14.23% for (10, 0) zigzag BN nanotubes. By comparing this information with the
reversible cycling bending results14 discussed in Section 3.4, it can be concluded that no
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SW formation develops when the BN nanotube bends in elastic region (below 70o angle),
and, therefore, the bending is fully reversible. In other words, only at high angles of
bending can SW formation be initiated.

Figure 3.9 The energy difference ΔE versus the tensile strain ε for (5, 5) armchair and (10, 0) zigzag BN
nanotubes. Here ΔE = E - Eperfect is the difference between the energy for systems with and without Stone–
Wales transformation. SW formation occurs at tensile strains of 11.47% and 14.23% for (5, 5) armchair
and (10, 0) zigzag BN nanotubes, respectively.11 (Reprinted with permission from Scripta Materialia, 2007.
57(7): p. 571–574. Copyright 2007, Elsevier Ltd.)

Using the Tersoff–Brenner potential, Verma et al.12 calculated that
Young’s modulus for nanotubes with different diameters and observed dependency on
nanotube chirality (Figure 3.10). The potential energy between the atoms i and j on the
same tube separated by a distance ri j is of the form
(3-5)

where, fc is a cut-off function. This form of cut-off is continuous and its derivative
presents for any r.fR(r) = Ae-λ1r and fA(r) = -Be-λ2 r. For further details see Ref.

12

. The

authors reported an increase in Young’s modulus of BN and carbon nanotubes with
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increases in diameter of both zigzag and armchair nanotubes up to certain diameter
values. They also observed that when the diameter of BNNTs increased from 7 Å for
armchair and 10 Å for zigzag, the Young’s modulus decreased. This behavior was
attributed to the poor and wavy shells of single-walled BNNTs. The ionic nature of the
bonds between the B and N atoms gives rise to the decreasing of the Young’s modulus
upon increasing the diameter of the nanotube. This behavior was not observed for carbon
nanotubes and the Young’s modulus was reported to be independent of chirality. In
addition, the results show that the Young’s modulus of both zigzag and armchair carbon
nanotubes are higher in comparison to the BN nanotubes. As explained earlier, the main
difference between carbon nanotubes and BN nanotubes is in the type of bonding
between the atoms. Since the Young’s modulus is directly controlled by the strength of
bonds, the covalent sp2 bonds in carbon nanotubes are essentially stronger than B-N
bonds.

Figure 3.10 Variation of Young modulus with radius of BN nanotube and carbon nanotube. Young’s
modulus decreases when the diameter of BN nanotubes increases from 7 Å for armchair and 10 Å for
zigzag.12

Hernández et al.66 calculated the Young’s modulus of BNNT in range of 0.8-0.9
TPa depending on diameter and chirality of nanotubes, using tight-binding methods. In
their tight-binding scheme, the hopping integrals were used to construct the Hamiltonian.
A minimal basis set corresponding to a single atomic-like orbital per atomic valence state
was used. Young’s modulus was calculated based on its conventional definition:
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(3-6)

where V0 is the equilibrium volume and E is the strain energy. Their results, Figure 3.11,
showed that the higher the diameter of nanotube, the greater the Young’s modulus of
nanotube.

Figure 3.11 Young modulus as a function of diameter for carbon, BN nanotubes. Young’s modulus
increases as the diameter increases.66

Song et al.67 also found that the mechanical behavior of BN nanotubes does not
depend on the diameter and length. The interatomic potential for boron and nitrogen was
used to establish a continuum constitutive model for BNNTs via the modified Cauchy–
Born rule.68 Figure 3.12 shows Young’s modulus of BN nanotube vs. the tube diameter
for armchair (n, n) and zigzag (n, 0) BN nanotubes obtained from an atomistic-based
continuum theory, based on Equation 3.6. The results were compared with atomisticbased continuum theory, tight binding, and ab initio [see the Ref. of

67

]. They observed

that the Young’s modulus is independent of the nanotube diameter at d<2 nm. This is
because the B–N bond length (~0.15 nm) is much smaller than the nanotube diameter (<2
nm). Another explanation for this independence could be that at lower diameter sizes,
bonds are more affected due to the curvature of the nanotube. In other words, for
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nanotubes with large diameter, bonds are in a flat plane rather than being in a curved
plane (wall of the nanotube).

Figure 3.12 Young’s modulus of BN nanotubes vs. the nanotube diameter for: (a) armchair BN nanotubes;
and (b) zigzag BN nanotubes. Young’s modulus is independent of the diameter as it exceeds 2 nm.67

Enyashin and Ivanovskii69 compared the atomic and energetic mechanism of
bending and twisting of C with BN nanotubes using molecular dynamics. Their atomic
models of tubes were obtained using a well-known algorithm (see Ref.

69

) by rolling

planar graphitic and hexagonal BN sheets into seamless cylinders. Their results for
bending, as shown in Figure 3.13a, show that to increase the bending angle, more energy
is needed relative to the initial geometry for both carbon nanotubes and BN nanotubes.
For carbon nanotubes, there is a significant decrease in energy at angles around 70o of
bending where C-C bonds start to break. At the breaking range angle, C6 rings convert to
C5 and/or C7 rings, to maintain the energy state of the nanotube as low as possible, at
each side of breaking. Therefore, this breaking point, which can act as a neck or initial
crack, decreases the required energy for continuing the bending.
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Figure 3.13 Energy change relative to the initial geometry as a function of (a) bending angle Δθ and (b)
twisting angle Δφ for (1) armchair (5,5) carbon nanotubes and (2) zigzag (17,0) BN nanotubes. Results
show that required energy increases by increasing the bending angles, and at breaking point due to
neck/crack formation, the required energy decreases.69

In case of B-N bonds breakdown at the necking point, the alternative bond should
be either B-B or N-N, which are energetically unfavorable. Therefore, although the
required energy for a given angle of bending is smaller for BN nanotube, the necking
point starts at relatively higher angles. Breakdown of C-C bonds start at 65o while, that of
B-N bonds happens at 85o. Effect of type of bonds becomes more significant in the
twisting process. Figure 3.13b, shows that breaking of the bonds in twisting deformation
require more energy than bending deformation. B-N bonds need more energy up to 60o
angle of twisting; C-C bonds, however, can tolerate a higher twisting angle. There is
again a breaking point for carbon nanotube and significant reduction in energy level.
Unfavorable formation of B-B and/or N-N bonds prevents such sharp reduction, but
mainly due to lower strength of the B-N bond, the breaking of the bonds starts at
relatively lower angles.

3.7. Conclusion

Replacing strong covalent sp2 bond between carbon atoms by B-N bonds and

unfavorable B-B or N-N bonding give rise to differences in the mechanical behavior of
BN nanotubes. Their Young’s modulus was calculated to be in the range of 0.5-1.2 TPa
from experimental tests and in the range of 1-1.2 TPa from theoretical calculations. The
deformation experiments inside the electron microscope are ideal tests to tailor the
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tubular lattice structural changes within an individual bent BN nanotube with an
extremely spatial resolution to reveal the nanomechanical mechanisms. However, the
effect of beam radiation should be taken into account. The cross linking between the
walls due to beam radiation can affect the reported mechanical properties.70 The BN
nanotubes were found to be highly flexible and perfectly recover their original shape
after 70o angle of bending. However, experiments at 120o bending angles resulted in 30o
bending residuals in the nanotube structure. Theoretical calculations show higher
mechanical property results for zigzag rather than armchair nanotubes which might be
due to the number of bonds at a given length. Modeling results show that BN nanotubes
neck at higher angles in comparison to carbon nanotubes due to unfavorable B-B or N-N
bonding.
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Chapter 4 -REAL-TIME FRACTURE DETECTION
OF INDIVIDUAL BORON NITRIDE NANOTUBES
IN SEVERE CYCLIC DEFORMATION PROCESSES
The material contained in this chapter was previously published in the Journal of
Applied Physics (Reprinted with permission from H. M. Ghassemi, C. H. Lee, Y. K. Yap,
and R. S. Yassar, Journal of Applied Physics 108, 1-1 (2010). Copyright 2010, American
Institute of Physics)

4. 1. Introduction
Boron nitride nanotubes (BNNTs) possess lattice structures similar to carbon
nanotubes (CNTs) but have a large theoretical band gap of ~5.5 eV.29 These onedimensional nanostructures are predicted to have exceptional mechanical properties and
applicable for high strength composites. With respect to the experimental examination of
mechanical properties of BNNTs, very few experiments have been performed to date. In
order to enable the future application of BNNTs in future nano- or micro-scale devices, it
is therefore important to understand the failure and deformation mechanisms of these
nanotubes.
The authors of this manuscript recently conducted a thorough review on the
theoretical and experimental understanding of BNNT’s mechanics available in the
literature.71 Theoretical studies predict that the Young’s modulus of BNNTs can be up to
1.2 TPa.12,66 Experimentally, the Young’s modulus was measured to be ~0.5TPa using a
direct force method,14 and ~0.8TPa using the electric field induced resonance method.41
Theoretically, it was found that bending angel of ~70°can lead to failure or breaking of
B-N bonds in pristine single-wall BNNTs.69 Recently, Golberg et al.14 reported that at
bending angles ~115°, a residual plastic buckle could remain in the structure of the
nanotube. This resulted in the formation of ~30° angled-kinks on BNNTs after unloading.
We also recently studied the high temperature structural degradation of BNNTs.72 In the
current research; we investigated the cyclic behavior of BNNTs as this had never been
studied by previous researchers. Our objective was to understand the performance limits
of BNNTs under severe bending condition.
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4. 2. Experimental Procedure
We have studied the cyclic deformation of individual BNNTs under two different
deformation regimes using small-angle (~65°) and large-angle (~120°) cyclic bending.
Our experiments were conducted by atomic force microscopy (AFM) under in-situ
monitoring using JEOL JEM-4000FX transmission electron microscopy (TEM) operated
at 200 KeV. The reliability of such in-situ AFM/TEM measurements has been welldocumented.14,15 Our BNNTs were directly deposited on Si substrates by thermal
chemical vapor deposition at 1100-1200 °C in a conventional tube furnace. Precursor
powders include MgO, Fe2O3 and pure B, and NH3 were used as the source of Nitrogen.
These BNNTs have a bandgap ~5.9 eV, which is higher than those used in previous
reports (~5.4 eV), promising the high purity of sample.14,15 Figure 4.1 represents a high
resolution TEM image of the synthesized BNNTs, and the line intensity shown in (b)
along the dashed line in (a) indicates that the distance between walls is around 0.35 nm.
Individual BNNTs were then attached on a Pd-Au wire by light mechanical scratching on
the as grown samples. As a result of Van der Waals forces, individual nanotubes stick to
the wire in different directions. The Pd-Au wire was then fixed on the Au hat, which sits
on the sapphire ball. Applying friction force between hat legs and sapphire ball, the
piezo-driven holder allows nanometer motion of the hat (which is actually the sample
movement) toward the AFM tip (Figure 4.2). Using the Nanofactory™ software (NFC3),
sample position was adjustable with a precision of 1 nm in X, Y and Z directions.

Figure 4.1 (a) High resolution TEM image of a multi walled BNNT. Scale bar is 5nm. (b) The line
intensity along the dashed line in (a) indicates that the distance between walls is around 0.35nm.
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Figure 4.2 Schematic of the in-situ AFM setup inside the TEM. BNNTs were placed on the Pd-Au wire
and brought to contact with AFM cantilever through the movement of piezotube and sapphire ball.

4. 3. Results and Discussion
Figure 4.3 shows the position of one individual BNNT (~50 nm in diameter) in
contact with the AFM tip before, during and after the bending process. The nanotube was
bent at the vicinity of the center, suggesting that there was no imperfection or filled part
on the nanotube. Filled nanotubes were shown to deform at the vicinity of the filled part
or imperfection sites.15 The maximum in-plane bending angle in our case was measured
as ~65°±3° (Figure 4.3 at 10 seconds), which is in a good comparison with the 70° angle
reported by Golberg et al. for multi walled BNNTs.14 For single walled BNNTs,
Enyashin and Ivanovskii’s theoretical simulations predicted this angle to be 30-40°.69 We
found that our nanotube can totally recover its initial tubular structure after unloading
from the bending (Figure 4.3, Released). There was no noticeable defects formation or
failure in the structure of this sample even after applying 50 cycles of bending, to the
same bending angle, and unloading.
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Figure 4.3 In situ TEM observation shows small-angle (~65°) bending of an individual BNNT at 300nm
displacement within 10s. Bending point (circled) appears near the middle of the nanotube and is fully
recovered upon releasing the applied force. The images captured from the recorded video.

Figure 4.4 displays the force-displacement (F-D) plots obtained after 1 and 10
bending cycles corresponds to the 65o of bending deformation. As shown, there was no
sudden drop in the applied forces, indicates that the bending cycles introduce no
structural failure in the nanotube. There are some deviation between these curves owing
to the nanoscopic changes of contact condition between the AFM tip and the nanotube
during the loading and unloading cycling processes.
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Figure 4.4 F-D curves during the cyclic bending deformation of an individual BNNT at deformation cycles
of 1and 10.

Figure 4.5 TEM images of a BNNT at the bended area reveal the mechanism by which the nanotubes
accommodate high bending angles close to 65°. The compression, C, and tension, T, sides of the nanotube
are schematically shown in the inset of (a). The dashed lines shown in (c) represent a tilt in atomic planes
along a particular set of atoms.

Considering the ionic nature of bonding in BNNTs, one expects to observe a
brittle type behavior. Such high flexibility motivated the authors to conduct a close
examination of the bent nanotube in high resolution TEM. Figure 4.5 corresponds to
serious of images that reveal the mechanism by which the BNNTs accommodate high
bending angles close to 65°. The dashed lines shown in Figure 4.5c represent a tilt in
atomic planes along a particular set of atoms. The compression, C, and tension, T, sides
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of the nanotube are schematically shown in the inset of Figure 4.5a. In several locations
along the compressive side of the nanotube these tilted planes were observed in Figure
4.5b. This mechanism was highly reversible and after unloading no sign of tilted plane
could be detected.
Using the maximum applied forces in the F-D curves, the Young’s modulus of
nanotubes can be estimated based on the Euler’s formula for nanotubes assuming that
both ends are fixed,73 where the maximum applied force is FEuler=π2EI/L2. Here, L is the
length of the BNNT between the two contacts (=1.5 µm), E is the elastic modulus, and
the moment of inertial,
(4-1)

where d1 and d2 are the internal and external BNNT diameters, respectively. Table 4.1
shows the calculations for five different nanotubes. The average Young’s modulus
detected here was ~0.5 TPa±0.1 TPa. The data were reproducible after multiple tests with
different individual BNNTs.
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Table 4.1
The estimated structural parameters for five different BNNTs and the calculated Young’s modulus and
standard deviation are shown.
Elastic Modulus

d1 (nm)

d2 (nm)

L (nm)

F (nN)

Nanotube 1

34

51

1400

600

Nanotube 2

29

44

1600

390

0.68

Nanotube 3

25

50

1500

600

0.48

Nanotube 4

26

48

1800

420

0.58

Nanotube 5

22

38

1300

350

0.66

(TPa)
0.45

For the large-angle bending tests, we increased the deformation angle up to 120°
to capture the pertinent structural changes. Interestingly BNNTs failed in a fracture
mode. Figure 4.6 shows the representable real-time process of the failure of an individual
BNNT after numerous cycling bending. The F-D curve corresponding to this fracture
event illustrates the changes in the force applied to the nanotube (Figure 4.6a-e). We have
recorded three discrete drops in applied forces. The first drop, at the beginning of the
experiment, is due to the nanoscopic sliding of the nanotube on the AFM tip. This results
in the drop of the applied force. The other two drops (~200 nN each) represent the
process of failure initiation and propagation in the nanotube shell walls (Figure 4.6c-e).
As the TEM images show, the fracture initiates from the outermost shells (Figure 4.6c)
that are under tensile stress and propagates (Figure 4.6e) toward the axis of nanotube,
almost perpendicular to the applied force axis. As this particular BNNT has a wall
thickness ~12 nm, this nanotubes was having ~36 layers of hexagonal boron nitride (hBN) shells. Since the fracture processes initiated only two discrete drops of applied forces
within this particular cycle of bending, apparently multiple h-BN shells are broken
simultaneously in two patches resembling a brittle type fracture. It is noted that a few
layers of shells were still remained after this bending cycle as shown in Figure 4.6e. By
repeating the bending cycles (Figure 4.6f-h), the nanotube was eventually broken into
two parts (Figure 4.6i).
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Figure 4.6 Process of fracture in an individual BNNT after the large-angle (~120°) bending cycles. (a) to
(e) represent one cycle of bending. (f) to (i) showing nanotube breaking into two parts after pulling and
stretching. (j) F-D plot represents the changes in force upon failure initiation and propagation during one
cycle (a to e). Scale bars are 20 nm.

We think that the rupturing in the outermost shells may be initiated by structural
imperfection such as the Stone-Wales defects.65 Yu et al. reported the breakage of multiwalled carbon nanotubes (MWCNTs) in the outermost layer.74 They assumed that
structural defects, such as Stone-Wales, produced during the synthesis process, were
responsible for the fracture. Espinosa et al.75 also reported failure of outer shells of
MWCNTs as a function of irradiation dose. Ding et al.76 also observed similar failure
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mechanism. They estimated that defects in the outer shell can cause stress concentrations
and thus failure.
We then examined the cross-section of the fractured nanotube by using the broken
segment 2 to lift the other segment 1. As shown in Figure 4.7, we used segment 2 to
rotate segment 1 so that the cross-section is perpendicular to the electron beam. Figure
4.7a-c demonstrate these manipulation. In Figure 4.7d, the broken cross section (marked
in a circle) is shown as a ring shape, indicating the present of the tubular structures. The
inner channel at the center of the broken cross section can be clearly observed. The
diameters of the two broken parts were almost similar (Figure 4.7d) suggesting that the
breakage of the nanotube shells is brittle. This is in agreement with the existing belief
about BNNT brittleness due to the partially ionic character of chemical bonding between
the B and N atoms.

Figure 4.7 (a)-(c) Manipulation of the broken BNNT on the left (1) using the broken segment on the right
(2). (d) Cross-section view of the broken nanotube as marked in a circle. The empty area at the center
represents the inner channel of the BNNT. Scale bars are 20 nm.
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4. 4. Conclusion
In summary, we tested the mechanical properties of individual BNNTs by cyclic
bending using an in-situ AFM/TEM system. The structures of BNNTs remained after the
low-angle (~65°) cyclic bending. For the high-angle (~120°) cyclic bending, in-situ TEM
imaging allowed the real-time recording of the shell-walls failure initiation and
propagation process. Brittle failure mechanism was observed for bending failure of
BNNTs. The drops of the measured force corresponding to the failure of shell-walls
determined the contribution of shell-walls on the overall strength of nanotubes.
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Chapter 5 -IN-SITU OBSERVATION OF
REVERSIBLE RIPPLING IN MULTI-WALLED
BORON NITRIDE NANOTUBES
The material contained in this chapter was previously published in the Journal of
Nanotechnology (Reprinted with permission from H. M. Ghassemi, C. H. Lee, Y. K.
Yap, and R. S. Yassar, Journal of Nanotechnology22, 115702 (2011). Copyright 2010,
IOP Publishing Ltd.) doi:10.1088/0957-4484/22/11/115702

5. 1. Introduction
Mechanical properties of boron nitride nanotubes (BNNTs) are measured and
calculated both theoretically12,67 and experimentally13,41 to be in the same range as those
of carbon nanotubes (CNTs), their structural analogue. However, they exhibit important
advantages over CNTs, such as higher thermal/chemical stability and thermal
conductivity.30,77 In addition, their electronic properties are independent with respect to
chirality, diameter, or nanotube length.29 BNNTs offer variety of applications in nanoscale electronic devices,78,79 optoelectronics,80 and as reinforcement in composites.81
Overall understanding of their mechanical behavior limits the drawing of BNNT-related
materials.
There are numerous reports on mechanical responses of single-82 and multiwalled CNTs,62,83,84 CNTs embedded in matrices,85,86 or under torsion force. Iijima et
al.63 first observed single kinks in single-walled CNTs of diameters 0.8 nm and 1.2 nm
bent to large angles. Later on, they also reported that in case of five-walled CNTs, first a
single kink was developed; then at higher bending curvature, the same nanotube
developed double kinks. Transmission electron microscopy (TEM) images revealed that
the distances between respective shells of the nanotube stayed unchanged, even at
presence of the kinks at high bending angles. Poncharal et al.84 and Bower et al.85 also
observed local buckling of multi-walled CNTs during bending. Their TEM images
indicate that the buckling wavelength is a function of nanotube radius and the wall
thickness.
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The authors recently reported87 mechanical characterization and fracture detection
of individual BNNTs as a result of cyclic bending deformation. We observed the
formation of several ripples during bending deformation of multi-walled BNNTs.
However, no quantitative correlation between nanotube's structural parameters and the
rippling wavelength was given. Here, we examined the buckling formation of several
BNNTs inside a TEM equipped with an atomic force microscope (AFM) and correlated
the nanotube structural parameters and buckling characteristics.

5. 2. Experimental Procedure
The in-situ experiments were conducted by an AFM that was operated inside a
JEOL JEM-4000FX TEM at 200 kV. The BNNTs were directly deposited on Si
substrates by thermal chemical vapor deposition at 1100–1200 °C in a conventional tube
furnace.17 Powders including MgO, Fe2O3, and pure B were used as precursors, and NH3
gas was used as the source of nitrogen.
Individual BNNTs were then attached on an Au wire by light mechanical
scratching on the as grown samples. As a result of van der Waals forces, individual
nanotubes stick to the wire in different directions. The Au wire was then fixed on the Au
hat, which sits on the sapphire ball. Applying friction force between the hat legs and
sapphire ball, the piezo-driven holder allows nanometer motion of the sample toward the
AFM tip. Sample position can be adjusted with a precision of 1 nm in X, Y and Z
directions.

5. 3. In-Situ Bending Experiments
Figure 5.1a shows a multi-walled BNNT between the AFM probe and the base of
gold wire. At this initial stage, there is no sign of rippling throughout the length of the
nanotube. Upon applying axial compressive force (Fx) on the nanotube, the nanotube
starts to bend. The bending deformation is due to the moment M introduced as a result of
the off-axis configuration between the nanotube and the support contacts. This is shown
by the free-body diagram expression of nanotube where force, F, is applied by the AFM
tip along the horizontal direction (Figure 5.1b). Assuming the two-dimensional
coordinates along the nanotube axis, the force on the nanotube can be dissociated into Fx
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and Fy where M=Fy.L.cosθ, where L is the distance along the nanotubes axis between the
contact points on the Au wire and the AFM tip, and θ is the angle between F and the
nanotubes axis. Figure 5.1c shows multiple rippling formed around the bending center of
the nanotube. The individual ripples are marked by arrows in Figure 5.1d. The rippling
formation was observed only on the compressive side of the nanotube and no sign of
rippling was detected on the tensile part (Figure 5.1d).

Figure 5.1 (a) Represents bending experiment of an individual multi-walled BNNT in contact with AFM
tip (on left) and gold wire base (on right). (b) Free-body diagram of the bending experiment in (a) with
analysis of associated forces. (c) The bent nanotube is shown and special pattern formation at the bent area
is marked by arrows. (d) High Resolution (HR) TEM image of individual bent BNNT reveals that the
special pattern consists of multiple rippling on the compressive side of nanotube.

Figure 5.2 represents force-displacement plots of typical individual nanotubes
under one, ten, and twenty cycles of bending deformation. Not much difference in terms
of applied force at various cycles could be detected which suggests that the rippling
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formation is reversible. The HRTEM imaging of the nanotubes after unloading revealed
no apparent fracture. Regularly distributed ripples were observed on the compressive side
of the bent nanotube. Upon changing the direction of bending, the location of buckles
shifted. This, in fact, suggests that the buckles formation is reversible and is not affected
by defects.

Figure 5.2 Force-displacement plots of a BNNT under cyclic bending deformation.

5.3.1 Buckling Characteristics
During bending and buckling deformation, a distinct morphological characteristic
for rippling was observed. The buckling was associated with sharp corners as shown in
Figure 5.3a. The appearance of V-shape buckles has not been reported in CNTs.82,62,86
The V-shaped ripple, shown in Figure 5.3a, has a folding angle of 120°. These sharpcornered features are possible with the formation heptagon-pentagon pairs and
unfavorable B-B or N-N bonds. The applied axial force, causing the bending
deformation, can provide the energy required for this energetically unfavorable
deformation. Hence, one can conclude that nanotube transmits the applied deformation
force through the above mentioned mechanism to avoid mechanical failure and maintain
the nanotubular structure. This interpretation is consistent with the reported flat tip
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structure in BNNTs. Loiseau et al.54 described that such a flat tip structure is correspond
to three interconnected hexagonal BN network with 120° disclination in between. The
results suggest that these thermodynamically unstable B-B/N-N bonds can switch back to
stable B-N bonds as the force is unloaded, due to the more energetically favorite
hexagonal BN structures. This conclusion is supported by the fact that multiple forcedisplacement data that were collected at various stages of rippling formation did not
reveal obvious changes (Figure 5.2). Note, another possible scenario of the bond
switching at the tip of the buckles can be explained in terms of formation of octagonsquare pairs. Based on calculations88,89 on the flat end BNNTs, 5-7 member rings can be
replaced by 4-8 members to lower the energy of the configuration.
The interlayer distances between the shells of the rippled area were not deviated
from the original value of 0.35 nm, as shown in Figure 5.3a. This was validated by
plotting the line intensity diagram of the nanotube (Figure 5.3b) in the buckled area of
Figure 5.3a. The existence of van der Waals forces between the B-N atomic layers can
play a major role in controlling the inner shell distances. The importance of these forces
was also reported by Cumings et al.90 during the telescoping phenomenon in multiwalled carbon nanotubes. The van der Waals forces between the B-N layers keep the
inner shells distance fixed, resulting the rigid bending of B-N layers on top of each other.
Van der Waals interactions also prevent the reduction of the inner diameter of the
nanotube to below 0.35 nm, where these interaction forces become strongly repulsive. In
other words, the van der Waals force can override the tube elasticity at c-axis.

Figure 5.3 (a) HRTEM image of an individual BNNT shows typical V-shape buckles on compression side.
(b) The line intensity across along the red line in (a) indicates that the average distance between walls is ~
0.35 nm.
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5.3.1 Quantitative

Correlation

of

Buckling

and

Nanotube

Characteristics
Assuming zero strain along the axis of nanotube, off-axis/buckling strain (ε) can
be calculated as r/R, where r is the radius of the nanotube and R is the radius of curvature
measured at the hollow center of the nanotube. Measurements based on HRTEM images
reveal that first buckle starts to form at ε range from 4.1-9%, depending on the wall
thickness of nanotubes. This is in agreement with the results by Bower et al.85 where it is
shown that the onset buckling strain of multi-walled CNTs inside a polymer matrix can
reach up to 5%. The wall thickness represents the number of shells, which reflects the
magnitude of B-N bonds and also van der Waals force against the bending deformation.
Upon further bending, the second buckle starts to form, mainly at ε>11.6%. Finally, at
ε≈26%, periodic rippling is formed next to each other, on the compression side of the
nanotube. This level of strain is equivalent to 240 nm of displacement shown in Figure
5.2. Upon unloading, the nanotube springs back to its original straight shape.
The circular cross section of nanotube tends to be ovalized which is known as
Brazier effect.91 The other mode of deformation in bending experiment is bifurcation,
which is well known in continuum mechanics.92 It is periodic rippling of the tube wall
(Figure 5.1d) that appears on the compressive stressed side of the nanotube. The
wavelength of the rippling is predicted by Timoshenko’s thin shell theory under axial
compression as:93
(5-1)

where, ν is the Poisson ratio, r is the outer diameter and h is the wall thickness of thin
shell. Substituting the Poisson ratio of 0.2-0.494 for h-BNs, the value of

is found

to be 3.4-3.5. In the case of nanotubes, the r, h, and λ parameters are shown in Figure
5.4a and the variation of buckling wavelength for several BNNTs are plotted in terms of
59

(r.h)0.5. The ratio of

for multi-walled BNNTs is equal to ~ 1.45, much smaller

than the predicted value by classical mechanics (~3.4). The difference can be explained
by the fact that the classical continuum mechanics models are defined for thin-shell tubes
where r/h>10, while in multi-walled BNNT 1.3<r/h<1.8. Moreover, in case of
nanotubes, the contribution of van der Waals interaction in transmitting the applied force
through the shells should be taken into account. While, in classical continuum mechanics
models the interaction between shells is ignored.

Figure 5.4 (a) Bright field TEM image of a buckled BNNT and the representative structural parameters r,
h, and λ are shown. (b) The plot of buckling wavelength λ as a function of (r.h)0.5 where several BNNTs
(solid line) are compared with the available data on CNTs in the literature (dashed line).

In Figure 5.4b, the data for buckling formation in BNNTs are compared with the
similar phenomenon in CNTs reported by Bower et al.85 and Pantano et al..95 In both
cases of CNTs and BNNTs, as the thickness of nanotubes increase the wavelength of the
buckles increase. However, in CNTs the ratio of λ/(r.h)0.5 is reported to be close to ~1,85
whereas we obtained the value of ~ 1.45 for BNNTs. The reason for higher rippling
wavelength in BNNTs in comparison to that of CNTs can be explained in terms of
minimization in the number of unfavorable B-B or N-N bonds. Figure 5.5a illustrates
hexagon BN structure in each shell before bending deformation. The arrow indicates the
bond switching that result in a heptagon-pentagon pair formation at the corner of the
ripples as shown in Figure 5.5b. Hence, the system energy increases at those corners due
to thermodynamically-unfavorable B-B or N-N bonds, and thus the BN structure tends to
minimize the number of B-B or N-N bonds. In contrast, in CNT structures, the C-C
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bonds have no thermodynamic restriction. Two hypothetical scenarios that can happen in
the buckled BNNTs are described schematically in Figure 5.5c. In one scenario, two
ripples with the wavelength of λ1 are shown at total length of 2λ1. Statistically this
structure has three unfavorable B-B or N-N at the three sharp corners. In Scenario 2 and
for the same total length, the ripple with wavelength λ2 has only two unfavorable B-B or
N-N bonds. The latter scenario is more stable than the former and can explain the larger
wavelength in BNNTs in comparison to CNTs.

Figure 5.5 (a) Schematic of BN hexagon atomic arrangement in each shell before bending deformation.
Arrow shows the direction of bond switching. (b) Top view of BN pentagon-heptagon pairs as a result of
bending deformation. (c) A 2D schematic of ripples under two hypothetical scenarios. The ripples with
wavelengths of λ1 and λ2=2λ1 are shown for at total length of λ2. Thermodynamically unfavorable B-B and
N-N bonds are higher in the small ripples in comparison to the large ripple.

5. 4. Conclusion
Multi-walled BNNTs were subjected to buckling experiments inside a TEM. We
observe that BNNTs are highly flexible which is countertuitive knowing that they posses
ionic structure. Multiple rippling was observed on the compressive side of buckled
nanotubes. The first ripple started at strain of 4.1%, and more ripples were formed by
increased the applied strain. Our results reveal that the rippling wavelength and nanotube
outer diameter, r, and thickness, h, are correlated through the relationship of,
λ/(r.h)0.5≅1.45. It was also found that buckling was reversible up to 26% strain. The
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buckling wavelengths in BNNTs are larger in comparison to the data reported in the
literature for CNTs. This difference was explained by the tendency of BN structures to
reduce the number of unfavorable B-B and N-N bonds at the sharp corners in the rippling
regions.
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Chapter 6 -FIELD EMISSION AND STRAINENGINEERING OF ELECTRONIC PROPERTIES IN
BORON NITRIDE NANOTUBES
The material contained in this chapter is submitted to the Journal of Advanced
Functional Materials, but no copyright transfer agreement has been signed yet, as it is in the
initial phase of review.

6.1

Introduction

Boron nitride nanotubes (BNNTs) are not only structurally similar to carbon
nanotubes (CNTs),53 but their mechanical properties are also calculated and measured to
be comparable to that of the CNTs.71 However, BNNTs show insulating behavior due to
wide band gap of 5.4 eV.29 Theoretical simulations predict that the electronic properties
in BNNTs can be tuned by means of mechanical deformation or chemical alteration. Kim
et al.42 concluded that the band gap of BNNTs was reduced as the cross-section of the
nanotubes became oval under bending deformation. Their density functional calculations
showed that redistribution of charges is more significant in the conduction band,
compared to that of the valence band. Golberg et al.96 altered the BN structure by adding
carbon and facilitating the formation of B-C-N layers. Their electrical and field emission
(FE) results showed significant improvement in the measured conductivity.
The superior structural stability of BNNTs in comparison to CNTs justifies their
candidacy for FE applications.44 Thermogravimtery analysis shows that BNNTs are
stable up to 950˚C, while CNTs decompose at 500˚C.22 In-situ transmission electron
microscopy (TEM) observations also showed electrical failure of CNTs take place at a
voltage range of ±7 V whereas BNNTs could withstand up to ±140 V with no electrical
breakdown or physical failure.97 In-situ FE experiments conducted by Cumings et al.45 on
individual BNNTs showed stable current at high bias voltages. However, they did not
study the stability of emission current under multi-cycle measurements. Since long-term
emission stability is one of the major factors that prevents practical the applications of
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nanotubes,46 thus it is important to further understand the FE cycling performance of
BNNTs for potential applications in flat panel displays.
In this work, we first tuned the electrical properties of BNNTs under mechanical
deformation. The mechanical deformation was performed on individual BNNTs inside
the chamber of a TEM using an in-situ scanning tunneling microcopy (STM) holder.
Electrical and semiconducting properties of BNNTs were measured under different strain
level. Then, we evaluated the FE stability of individual BNNTs. TEM images were
captured after each cycles of FE experiments to study the possible relation between the
emission stability and the structural integrity of BNNTs.

6.2

Materials and Methods

Our BNNTs were directly deposited on Si substrates by thermal chemical vapor
deposition at 1100-1200 °C in a conventional tube furnace.17 These BNNTs have a band
gap of 6 eV,17 which is higher than those reported in previous works (~5.4 eV).98,99 The
conductivity probing experiments were performed by STM holder under in-situ
monitoring in JEOL JEM-4000FX, operated at 200 kV. Individual BNNTs were then
attached on an Au wire by either light mechanical scratching on the as-grown samples or
using silver paste. This Au wire was then fixed on the tip of a piezo-driven holder that
allowed nanometer motion of the sample toward the STM tip. The sample position was
adjustable with a precision of 1nm in X, Y and Z directions. Here, the sample was
grounded and positive bias voltages were applied to the STM tip. Then the I-V curves
were measured using the Nanofactory™ instrument (up to ±80 V) power generator. To
reduce the effect of electron beam irradiation on the nanotubes during I-V measurements,
the electron beam current of the TEM was reduced to half of those we use for normal
imaging. For the FE experiments, BNNTs were retraced away from the STM tip and then
were biased with negative range voltage to emit electrons. The applied range of voltage
started from zero up to 110 V within 20-60 seconds. To enhance the accuracy of current
measurements, a flat part of STM tip was used to collect the emission current. Because of
insulating behavior of BNNTs and voltage limitation of our setup, a short distance
between the tip of BNNTs and the STM tip were used to form sufficient electric field for
capturing emission current from BNNTs.
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6.3 Materials and Methods
6.3.1 Strain Engineering of Electrical Conductivity in BNNTs
Figure 6.1a represents I-V behaviors of individual BNNTs under continued
increase of mechanical straining. The black curve near the X-axis shows a current flow of
a few nA at 80V applied voltage indicating the insulating behavior of pure BNNTs with
no bending deformation (corresponding to Figure 6.1b). Our calculations revealed that
the resistance of pure non-deformed BNNT is around 10 GΩ which is in good agreement
with the reported values.43
Next, the nanotube was subjected to a series of mechanical straining while I-V
data were simultaneously collected. Figure 6.1c and 1d represent two different bending
curvatures of the BNNT (shown in Figure 6.1a) under different applied forces. The
colorful curves in Figure 6.1a, labeled as 1-8, represent the I-V curves at different
bending curvatures. The applied stress changes the conductivity of BNNT; hence, higher
current flows were detected at higher strain levels (corresponding 1-8 in Figure 6.1a).

Figure 6.1 (a) The corresponding I-V curves of a BNNT under mechanical straining. The colored curves
indicate the I-V data during progressive strain loading and the black curve (marked with a short arrow)
shows the insulating behavior under no bending. (b) The TEM image of a BNNT in contact with STM tip
(no loading) corresponds to the black curve in (a). (c) and (d) The TEM images of BNNTs under the
continues increase of mechanical straining, respectively. The bending curvatures of the BNNT increase due
to higher mechanical straining. I-V curves 1 and 8 represent cases with the lowest to highest amount of
bending.

65

One can notice from Figure 6.1a that I-V curves are not symmetric, for instance,
the red curve, labeled as 3, at 80 V leads to a current of 35 nA whereas the current
detected at -80 V was -30 nA. These asymmetric I-V behaviors are due to different
contact barriers at both ends of the BNNT. As mentioned in the experimental procedure,
one end of the nanotube is in contact with the tungsten STM tip, and the other end is in
contact with the gold wire. This can form a metal-semiconductor-metal (M-S-M) circuit
with different work functions and therefore, different Schottky barriers.100
Following the theory of a M-S-M circuit,101 one can calculate the semiconducting
parameters of BNNT by
(6-1)

where S is the contact area associated with a bias, Js is slowly varying function of the
applied bias. The lnI versus V plot gives an approximately straight line with a slope
of

, and an intercept of ln S, as shown in Figure 6.2a. In this case, E0=E00coth[E00

/ (kBT)], where E00=(ħq /2)(n/ (m*ε))1/2. Here, ħ is 1/2π of the Planck constant, q is the
elemental charge, kB is the Boltzmann constant, m* is an effective electron mass of
BNNT, n is carrier concentration; and ε is the dielectric constant. The electron mobility,
μ, is then calculated by using the relationship μ =1/ (nqρ), where ρ is the resistivity of the
strained BNNT estimated from the I-V curves. The calculated parameters of a BNNT
under different bending deformation are plotted as shown in Figure 6.2b-d.
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Figure 6.2 (a) Characteristic lnI-V data corresponding to the I-V curves shown in Figure 6.1a. Arrow from
1 toward 8 indicates the increase in the bending deformation. (b-d) represent the parameters of resistance,
electron concentration and mobility of the bent BNNT as a function of mechanical straining.

As plotted in Figure 6.2b, the resistance of BNNT (dV/dI) can be tuned in a wide
range of 2000-769 MΩ under minimum and maximum bending deformations labeled as
curves 1 and 8 in Figure 6.1a, respectively. Our calculation indicates that the electron
concentration increases by a factor of 3 (Figure 6.2c), however, the carriers mobility is
decreased (Figure 6.2d). The reduction in carrier mobility can be related to the scattering
between electron-phonon under the applied electric field,102 or due to presence of
impurities similar to the reported results for graphene.103 As the nanotube bends, the
radius of the curvature in the nanotube’s cross-section also changes. The theoretical
calculations show that the conduction electrons are more sensitive to the inducedcurvature while the valance electrons remain relatively unaffected.42 As a result, the
charge distribution density across the nanotube diameter changes which decreases the
energy difference between the band gaps. Similarly, it is reported that in case of ZnO,104
Bi2S3105 and BNNT,14 the carrier concentration increases due to band gap reduction upon
the applied stress.
Unfortunately, it will be impossible to compare the exact values of electronic
parameters obtained in this work with the ones reported in Ref. 43 for deformed BNNTs.
This is because in Ref. 43, the change in I-V characteristics in terms of exact strain values
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was not quantified. For instance, the value of strain corresponding to the reported carrier
concentration of 1.1×1017 /cm3 for deformed BNNTs in Ref. 43 was not given. This point
in fact is the strength of the work presented here because for the first time it provides a
quantified correlation between the values of strain and the electronic properties of
BNNTs.

6.3.2 Field Emission Properties
Figure 6.3a represents the typical field emission characteristic of an individual
BNNT (shown in the inset) under an applied bias voltage. The emission of electron starts
at a particular voltage (~65 V), also known as turn-on voltage, where the measured
current exceeds the background current of 0.5 nA, and exponentially increases to 140 nA
at 110 V. The turn-on voltage is calculated to be ~325 V/μm and the current density of an
individual BNNT is measured as ~1 mA/cm2 at voltage of 110 V. Note, the emission of
electrons from the tip of the nanotubes is a “ballistic” process.106 In another word, when
the sample is biased, electrons emit in group from the tip of the nanotubes. Thus, changes
in electrostatic forces between the tip and the STM result in the vibrations of the tip of
the nanotubes. Therefore, the fluctuations in the emission current shown in Figure 6.3
and afterward results are due to the fact that the distance between the tip of the nanotubes
and the STM surface slightly changes during the FE experiments.
The FE behavior of this nanotube can be modeled following the well-known
Fowler–Nordheim (F-N) equation,107 as shown in Figure 6.3b.

Figure 6.3 (a) the I-V curve represents the FE behavior of an individual BNNT shown in inset (1st FE
cycle). Scale bar is 200 nm. (b) The corresponding Fowler-Nordheim plot representing the field emission
behavior shown in (a).
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The linear plot of ln(I/V2) vs. 1/V confirms the F-N field emission characteristics
of the BNNT. One can notice that BNNT exhibits only one slope which is in good
comparison with other reported field emission behavior of BNNTs.45 In contrast, CNTs’
F–N plot shows two distinct slops representing current saturation during field emission
experiment at high field.108,109 Based on the field emission current, one can also calculate
other characteristics of the nanotube, such as field enhancement factor, work function,
and the radius of the apex, as followed:107
(6-2)

3

I = KF 2 / φ exp(− Bφ 2 / F )

where B= 6.8x109 VeV-3/2 m-1, K is a constant, and φ is the sample work function. The
local electric field, F, is related to the applied voltage V and can be defined as F=βV/d,
where β, the field enhancement factor, quantifies the ability of amplifying the average
field V/d. If S is the slope of F-N plot (Figure 6.3b) one can calculate the field
enhancement factor using the equation below:
(6-3)

3

S = − Bφ 2 d / β

Assuming the work function of pristine BNNT is 6 eV,42 then according to
Equation 6-3, β=98. The calculated field enhancement factor is significantly higher than
the value assumed by Cumings et al..45 They considered β=10 and then back calculated
the work function to be ~11-13 eV. This is extremely high for BNNTs as the work
functions of 5.5-6 eV has been reported in the literature.17 Chen et al.110 investigated the
enhancement in conductivity and the FE behavior of BNNTs coated with Au
nanoparticles. In their FE measurement, they assumed that due to high quantity and high
uniformity of their morphology slope of Fowler-Nordheim is only proportional to the
work function. Therefore, assuming work function of 6 eV, they back calculated the field
enhancement factor. Using fixed enhancement factor for all different samples, they
calculated changes in the work function of BNNT as a result of Au coating layer.
We then repeated the FE experiment to investigate the structural and emission
stability of the BNNT upon four cycles of emission, as illustrated in Figure 6.4a. Curves
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1, 2, 3, and 4 represent the 1st, 2nd, 3rd, and 4th FE cycles, respectively. As can be seen, in
the 2ndcycle, the turn-on voltage is increased to ~80 V and the emission current dropped
slightly to ~120 nA. FE cycles 3 and 4 represent further degradation of emission current
as well as higher turn-on voltages, respectively. In the 4th cycle the amount of emission
current drops almost 90% in comparison to the 1st cycle.
Previous study showed that the field enhancement factor strongly depended on
the geometry of the apex of the emitter.111 However, our comparison of the tip radius
between the pristine and the FE cycled nanotubes did not show any obvious change.
Figure 6.4b also shows that the geometry of the BNNT at the tip, compared to the inset in
Figure 6.4a, is not changed significantly. The TEM analysis of the FE cycled nanotube
revealed the likelihood of structural decomposition that can explain the reduction in the
field enhancement factor. As shown in Figure 6.4b&c, the HRTEM images indicate the
presence of dark particles on the outer surface of the FE cycled nanotube. The formation
of these particles is due to defects generated by Joule heating to be discussed hereafter.
These defects will cause electron scattering and degrade the emission current.

Figure 6.4 (a) Field emission behaviors of the BNNT at four consecutive measurements. (b&c) Arrows
indicate the formation of black particles as a result of decomposition on the outer surface of BNNT.

Figure 6.5 represents a schematic of the proposed mechanism of the formation of
dark particles on the outer surface of the BNNT. As shown in Figure 6.5a, the sample is
biased with negative voltage. As the FE experiments were conducted, due to the high
emission current density, the temperature of the sample is increased and reached to the
decomposition temperature at which the B-N bonds start to break.72 The volatile nitrogen
atoms leave the structure and are released into the vacuum while the B atoms remain
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(Figure 6.5b). As the number of boron atoms with the dangling bond increases, they tend
to form particles, as shown in Figure 6.5 c&d. Therefore, as the nanotube decomposed,
nitrogen which contributes 5 electrons compared to boron with 3 electrons leave the
structure and emission current of the nanotube degraded significantly. We should note
that several other FE experiments were carried out at same voltage range of 140 V but at
different distances from the STM tip. As the distance between the tip of the nanotube and
STM tip were increased the amount of current also dropped. However, the degradation
trend of emission current in FE cycles was also observed indicating that the observed
behavior is independent of the distance between the nanotube and the STM tip.

Figure 6.5 (a) The schematic represents the FE setup where there is a gap between the tip of the sample
and STM tip. As shown, the sample is biased with negative voltage with respect to the STM tip. (b) Arrows
indicate the formation of dangling B bonds. The nitrogen atoms leave the structure when the sample
reaches to the decomposition temperature. (c) and (d) illustrate the formation of boron particles as the
number of B atoms with dangling bonds is increased.

To rule out the effect of beam damage on the sample, we reduced the accelerating
voltage from 300 kV to 200 kV, and also expanded the beam during the experiments.
Moreover, if the decomposition was due to the e-beam radiation, then such
decomposition phenomenon should also were observed during the normal TEM imaging
of BNNTs. But, in fact the formation of particles was only observed when the bias
voltage was applied and induced the flow of high density current. In addition, the e-beam
radiation should not raise the temperature of nanotube significantly. Based on the model
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reported by Jencic et al.,112 one can calculate that the temperature raise due to the beam
exposure at 200 kV and with low electron flux dose is only a few degrees.
These results are important in order to understand the mechanism and the
performance of the emitters before commercializing them. As mentioned earlier, it is
reported that the structure of BNNTs is stable at high temperatures. However, our results
show that the repeated cycling under a high electric field can lead to degradation in
emission properties. Therefore, it is crucial to employ these findings in future design and
fabrication of BNNT-base nanodevices such as transistors and electromechanical
devices.113 The effect of strain on the electrical characteristics of BNNTs should also be
taken into account. For instance, BNNTs can be used as sensors where their conductivity
is changed as a result of applied force or strain.

6.1 Conclusion
We studied the electrical and field emission of individual BNNTs using in-situ
TEM techniques at bias voltage of up to 110 V. Our results showed that individual
BNNTs exhibit the current density of ~1 mA/cm2 at 110 V and turn-on voltage was 325
V/μm. However, structural degradation was observed only after 4 cycles of emitting and
the emission current dropped significantly. Measurements on the semiconducting
parameters of individual BNNTs revealed that the band gap can be tuned by mean of
mechanical deformation. Based on the amount of strain, resistance of individual BNNT
was engineered in range of 2000-769 MΩ and electron concentration was calculated to be
0.35-1.1*1017 /cm3 in that range of strain with slight decrease in the mobility of the
carriers.
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Chapter 7 -IN-SITU TEM MONITORING OF
THERMAL DECOMPOSITION IN INDIVIDUAL
BORON NITRIDE NANOTUBES
The material contained in this chapter was previously published in the JOM
JOURNAL OF THE MINERALS, METALS AND MATERIALS SOCIETY (Reprinted
with permission from H. M. Ghassemi, C. H. Lee, Y. K. Yap, and R. S. Yassar, Journal
of THE MINERALS, METALS AND MATERIALS SOCIETY 62, 69 (2010).
Copyright 2010, Springer)

7.1 Introduction
Boron nitride nanotubes (BNNTs) are structurally similar to carbon nanotubes
(CNTs), where alternating boron and nitrogen form an ionic structure. Their mechanical
properties are predicted to be similar to carbon nanotubes.12 The Young’s modulus of
BNNTs have been reported in range of 0.5- 0.8 TPa28,41 These nanotubes are also
insulators due to their wide band gap of 5.4 eV or higher.29 Thermal characterization of
BNNTs showed better stability at higher temperatures in comparison to CNTs.
Thermogravimetry curves indicated that BNNTs started to decompose at 950 oC, while in
the case of CNTs oxidation happened at 500 oC.22 Thus BNNTs are prospective wide
band gap semiconductors for high-power, high-temperature devices.
The study of material failure at elevated temperatures is important for high
temperature applications of new energy technologies and electronic systems.114,115 In the
case of nanotubes and nanowires, one can study the thermal stability and failure of such
structures using the Joule heating methods.116,117,118,119 According to this approach, at the
presence of electrical current, the nanowire or nanotube can be heated to high
temperatures. This can result in the variation of electrical properties. Moreover, at
elevated temperatures, phase transformation may be induced, and decomposition of the
structure may be observed.
While there are a number of reports on mechanical properties of BNNTs at room
temperatures43,71 the failure of BNNTs has rarely been studied at high temperatures.117 In
73

this paper, we report the real-time thermal decomposition of individual BNNTs by the
use of an in-situ scanning tunneling microscope (STM) inside a transmission electron
microscope (TEM). Individual samples were kept under high constant bias voltage of 100
V while TEM images were recorded in-situ to capture the decomposition process.

7.2 Experimental Procedure
The synthesis of BNNTs is challenging and requires very high growth
temperatures (>1500 °C), a specific fabrication system, or dangerous chemistry.120,98
Recently, we have succeeded in growing BNNTs without dangerous chemicals in a
conventional tube furnace.17 These BNNTs can be grown directly on Si substrates by
thermal chemical vapor deposition at 1100-1200 °C. UV–visible absorption spectroscopy
(HP 8453 Spectrophotometer) was also used to further characterize the as-grown BNNTs.
This was performed by a suspension of BNNTs in ethanol. These multi-walled BNNTs
were used in Joule heating experiments. These experiments were conducted inside the
chamber of a JEOL JEM-4000FX TEM operating at 200 KV using an in-situ STM
holder. The schematic of this holder is shown in Figure 7.1a. It consists of a sapphire ball
and a piezo tube mounted on Au wire, can approach the STM tip. Figure 7.1b represents
the whole electric circuit when STM tip, BNNTs and Au wire are connected.

Figure 7.1 (a) Schematic of the utilized STM-TEM sample holder. Sample mounted on Au wire
approaches the STM tip via sliding on the sapphire ball. (b) Shows the electric circuit as the BNNT (inside
the red circle) is connected to the STM tip and Au wire.

Individual BNNTs were then attached to an Au wire either through mechanical
scratching of the wire on the Si substrate or using silver paint. Then the wire was fixed on
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a hat which fits on top of a sapphire ball, connected to stacks of piezoelectric layers that
allow nanometer motion of the sample toward the STM tip. Using the Nanofactory™
software (NFC3), each sample position was adjusted with a precision of 1 nm in X, Y and
Z directions.87 Here, the samples were always grounded, and bias voltage was applied to
the tungsten STM tip. The STM tip was then inserted into each nanotube to assure a
stable contact (Figure 7.2). Constant bias voltage of 100 V was applied to the samples
while the current flows were captured as a function of time. To eliminate the possibility
for the promotion of thermal decomposing via the electron beam, the experiments were
conducted at low intensity electron beam. Also, the accelerating voltage was reduced
from 300 Kv to 200 Kv.

Figure 7.2 (a, b) TEM images correspond to the process of inserting the STM tip into the nanotube to
secure the electrical contact.

7.3 Results and Discussion
Individual BNNTs were connected to the STM tip at one end and the Au wire on
the other end. Before Joule heating, the outer diameters of the nanotubes were measured
to be ~50 nm, while their lengths averaged ~1 µm (Figure 7.3a and b). Average inner
shell distance was ~0.35 nm (Figure 7.3c). The structures of the tested nanotubes had no
amorphous layer on the outer shells.
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Figure 7.3 (a) TEM image of a BNNT connected across the Au wire and the STM tip. Scale bar is 200nm.
(b) High resolution TEM image of the end of an individual BNNT shows that there is no amorphous layer
or contamination outside or inside the nanotube. Scale bar is 5nm. (c) The inner-shell distances of a BNNT
is determined as 0.35 nm, based on the intensity histogram obtained along the AB line in (b).

Individual nanotubes were then subjected to a bias voltage according to the design
shown in Figure 7.1. The electrical current, I, as a function of applied bias voltage, V,
was monitored for each nanotube as shown in Figure 7.4a. More than 50 different
BNNTs were examined and the recorded I-V data showed consistency. Negligible current
could be detected even at high bias voltages. This confirms an insulator behavior in the
BNNT nanotubes. This is expected, as our BNNTs possess a wide energy band gap.29 As
shown in Figure 7.4b, the strong absorption in UV-visible spectroscopy corresponds to
the optical band gap of 5.9 eV, which is higher than the values reported by others by the
magnitude of 0.4 eV.120,29 The absorption band at ~4.75 eV is due to the intrinsic dark
exciton absorption. We suggest that the relatively small absorption at ~3.7 eV may be
associated with defects in the BNNTs.17

Figure 7.4 (a) The typical I-V curve measured along individual BNNTs does not pass noticeable current
under undeformed condition. (b) The strong absorption in UV-visible spectroscopy corresponds to the
optical band gap of ~5.9 eV.17 Peak at 4.78 eV corresponds to intrinsic dark exciton absorption and the
small peak at 3.7eV is suggested to be associated with the defect in BNNTs.
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One should note that the contact resistance cannot be the reason for negligible
conductivity in the tested BNNTs. These nanotubes are proven to be insulator by
previously published articles due to their large band gap. In addition, we have tested
several other nanotubes and nanowires (ZnO, TiO2, VN, C) and the amount of detected
current is in accordance with their expected electrical behavior.
In the Joule heating technique, a number of samples were subjected to high bias
voltages that led to current flow through the individual nanotubes. Considering that the
input power depends on the square root of current, one expects a high amount of thermal
energy to be released due to electron transport in the nanotube. Part of this thermal
energy is transferred to the vacuum and the rest increases the temperature of the
nanotube. Previous Joule heating experiments estimated the temperature to be more than
1900 °C.117 Figure 7.5 shows the joule heating current versus time after the application of
100 V bias on a nanotube. The detected current increases slightly in the beginning and
increases more rapidly after 77 seconds. This is then followed by a sudden drop of
current at 95 seconds. The abrupt drop in current, shown in Figure 7.5, corresponds to the
structural failure of the nanotube that results in the disconnection of the STM-BNNTwire electrical circuit. Inset of Figure 7.5 shows the broken part of the nanotube attached
to the STM tip after failure.
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Figure 7.5 Current flow as a function of duration of applied. Constant voltage of 100 V was applied to an
individual nanotube. Current increases slightly in the beginning and increases more rapidly after 77
seconds. The sudden drop of current at 95 seconds corresponds to the disconnection of STM-BNNT-wire
circuit due to the BNNT decomposition. (Inset) TEM image of showing the broken nanotube is attached to
the STM tip.

Figure 7.6 a-f represent the TEM snap shots of thermal decomposition of a BNNT
under the application of 100 V bias voltage. One can notice the formation and
enlargement of nanoparticles (shown by black arrows) during the decomposition process.
The formation of the clusters was faster than the video rate of our camera and thus the
capture of initial stage of clustering was quite difficult. No crystallinity could be
observed during high resolution TEM analysis, which suggests amorphous structures for
these nanoparticles. This finding is in agreement with a recent report.117 Electron energy
loss spectroscopy analysis, performed by Zhi et al.117 suggests that these particles are
clusters of boron atoms. The nitrogen atoms likely leave the structure in the vacuum due
to high temperature heating and the application of bias voltage. This bias voltage further
strengthens the driving force for the dissociation of bonds in ionic BN structures.
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Temperatures up to 1900°K have been reported depending on the geometry of the
nanotube.116,117

Figure 7.6 (a-f) High-resolution TEM images correspond to the process of nanoparticles formation during
the thermal decomposition of BN nanotubes. Black arrows points toward the growth of nanoparticles on
the outermost shell layers. Red arrows indicate the void formation in the outer shell of the BN nanotube
and its propagation toward the inner shells.

From Figure 7.6, one can see that the decomposition process initiates at the
outermost shell layers. This is evident by monitoring the formation of voids on the
external shells shown by red arrows in Figure 7.6b-f. While the inner shells remain
almost intact, the depth of voids in outer shells gradually increases. Our finding is
opposite to the recent report of Zhi’s et al.117 that reported the start of decomposition
process from inner shells. As the red arrows indicate, the voids become deeper while the
size of adjacent nanoparticles increases (follow the black arrows in (c) through (f)).
These changes suggest that the outer shells of our BNNTs most likely have relatively
higher defect density in comparison to inner shells. In addition, structural defects can act
as initial sites of decomposition events. Point defects such as vacancy defects turn the
favorite B-N bonds to B-B or N-N. As such, the honeycomb morphology converts to 7-579

5-7 defect (Stone-Wales).65 These defects have large thermodynamic energies and higher
tendency to evolve upon heating and initiating the decomposition process.
It is worth mentioning that nanoparticles formed at different sizes along the length
of the nanotube. More particles could be detected (Figure 7.7a) in the vicinity of the STM
tip while fewer particles could be observed in the areas far from the tip (Figure 7.7b and
c). One reason for this could be defect density which gives rise to the decomposing at one
end of nanotube, even though the theoretical calculations121 predicted that the center of
the nanotube should have higher temperature in comparison to the ends. One should note
that the assumptions in Ref. 121 may not be applicable to our experimental analysis. Some
of these assumptions are (a) the current density in the contacts is three orders of
magnitude smaller than in the wire, and the heat generation term within the contacts is
neglected. This assumption cannot be the case in our experiments. (b) The current density
is described by a step function, which might not be the case here. In our case, there are
Schottky barriers at contact points, causing non-linearity in the I-V curves.71 (c) There are
no ‘‘hot spots’’ within the wire, i.e., localized points of higher resistance than the
surroundings, which also may not be true in our case due to structural/defect variation in
the nanotubes.

Figure 7.7 TEM images show variations in the density of nanoparticles during the thermal decomposition
of a BN nanotube. Regions near the STM tip (a) with more particles indicate higher temperatures compared
to zones further away from the STM tip (b and c). The locations of these TEM images are taken from
different parts of the BNNT as schematically drawn in these images.

One should note that the decomposition of BNNTs cannot be due to electron
beam exposure. If this was the case, then such decomposition phenomenon should also
seen during normal TEM imaging of BNNTs. But, in fact the formation of clusters was
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observed only when the bias voltage was applied. In addition, the exposure to electron
beam damage was minimized by expanding the beam over the entire screening area and
the accelerating voltage was decreased from 300 to 200 Kv.

7.4 Conclusion
Thermal decomposition of individual BNNTs was studied via in-situ TEM
imaging. Real-time monitoring shows that, with the Joule heating experiment, the BN
nanotubes fail through the dissociation of atomic structure resulting in the formation of
nanoparticles with different sizes and population density. These particles form mostly on
outer shell layers, and the presence of structural defects may act as the active site of
dissociation event. Such information is invaluable for designing robust nanotube-based
electronic circuits subjected to current flow.
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Chapter 8 -IN-SITU ELECTROCHEMICAL
LITHIATION/DELITHIATION OBSERVATION OF
INDIVIDUAL AMORPHOUS SI NANORODS
The material contained in this chapter was previously published in the ACS Nano
(Reprinted with permission from H. M. Ghassemi, M. Au, N. Chen, P. A. Heiden, and R.
S. Yassar, ACS Nano 5 (10), 7805-7811 (2011). Copyright 2011, American Chemical
Society).

8.1 Introduction
Although the idea of batteries are simple, surprisingly their development has
progressed much slower than other areas of electronics.122 This time-consuming
development is due to the lack of suitable electrode materials and electrolytes.
Traditional lithium-ion batteries employ carbonaceous anodes with a capacity of 372
mAhg−1. To obtain substantial enhancement in their specific capacity, it is vital to
substitute carbonaceous anodes with those of greater capacity.
An attractive candidate to replace carbonaceous anodes is silicon which has the
highest theoretical capacity, in excess of 4000 mAhg−1and low discharge potential upon
intercalation of 4.4 Li atoms per Si atoms.40,123,124 The fundamental reason behind such
high capacity is that in silicon anodes each Si atom can accommodate up to 4.4 Li atoms
(Li22Si5),40 while in graphite each carbon atom can accommodate 1/6 Li atom (LiC6). A
major drawback with silicon is that, upon driving Li into Si, a volume expansion of
~300%47,125 to 400%48 occurs due to the formation of various phases such as Li12Si7,
Li7Si3, Li13Si4, and Li22Si5.126 This leads to induced-mechanical stresses large enough to
fracture and pulverize Si into powder after the first few cycles of charging/discharging
and eventually loss of electrical contact and capacity fade during cycling.124,127
Recently, Chan et al.48 studied the structural stability of Si nanowires (NW) under
the lithiation/delithiation process. Despite the high capacity at the first cycle (~ 4277
mAhg-1), the Si NW anodes showed an irreversible capacity loss (~1300 mAhg-1) in the
1st charge-discharge cycle. Several scenarios may have happened including the formation
82

of the solid electrolyte interface (SEI) and loss of active material, the difficulty in
decomposition of Li-Si phases that forms during the first charging process, and the
exfoliation of the active material (LixSi) from the electrode due to the large volume
expansion caused by the alloying of Li with Si.
In theory, the one-dimensional morphology of the Si NWs was expected to
improve the capacity retention of anodes due to better accommodation with lateral strains
generated due to Li intercalation in the NWs. However, it is now widely known that the
Si NWs have poor cyclability retention due to the fracture and pulverization of Si
NWs.124 The fracture of nanosized Si wires contradicts the suggested idea that below a
certain size particles do not fracture.128,125
To better understand the lithiation/delithiation process in nanostructured
materials, in-situ studies of electrochemical reactions inside high resolution electron
microscopes have been proposed. Wang et al.129 built a miniature prototype battery using
LiCoO2 as the cathode, SnO2 nanowire as the anode, and an ionic liquid-based as the
electrolyte to study the interface of Li ion batteries inside a transmission electron
microscope (TEM). Their observation provided direct imaging of the conversion of SnO2
to LixSny and LizO during charging cycle. However, due to lack of detailed study, the
reaction(s) during the lithiation process, as well as the formation of phase(s), were not
discussed. Briazer et al.130 reported the first ex-situ TEM observation of the cross-section
of a nanobattery made by stacking layers of anode and cathode to study the interface
behavior, all in solid-state. Their observation indicates a rapid deterioration of the
interface upon cycling due to chemical elements immigrating between the stacked layers.
Recently, Huang et al.131 reported the real time formation of “Medusa zone” during the
lithiation of SnO2 nanowires. The formation of this zone induced large mechanical
distortion and, consequently, degradation in structural properties.
Amorphous and crystalline Si have a similar specific capacity to store Li+;
however, studies132,133,134 have shown that homogenous volume expansion in amorphous
Si causes less pulverization and better cycling performance. Very recently, Huang et
al.135,136 reported the anisotropic swelling as a result of lithiation of crystalline Si NWs
using in-situ techniques. Formation of dumbbell-shaped cross section led to formation of
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crack in the middle of NW along its axis. One expects that since there is no long-range
order in amorphous structure or preferred diffusion path, the diffusion of the same
amount of Li can occur more uniformly. Here, we investigated the lithiation of individual
amorphous Si nanorods using an in-situ electrochemical setup inside of TEM technique.
Two different diffusion paths, longitudinal and radial, were examined and the formation
of LixSi phases were confirmed by diffraction pattern studies that agree with our ex-situ
lithiation results.

8.2. Experimental Procedure
The pure Si nanorods were fabricated by an oblique angle (co)deposition
technique in a custom designed two-source electron-beam deposition system.137
Individual Si NRs were then attached to a gold wire by light mechanical
scratching on the as-grown samples. As a result of van der Waals forces, individual NRs
stick to the wire in different directions. The piezo-driven holder allows nanometer motion
of the sample toward the AFM tip. Sample position can be adjusted with a precision of 1
nm in X, Y and Z directions. High-resolution TEM images and electron diffraction
patterns were collected to characterize the formation of different phases during the
lithiation of different individual Si NRs.

8. 3. Results
8.3.1 Selective Lithiation of Si NRs
Figure 8.1a depicts the in-situ lithiation setup where a drop of IL is placed on the
STM tip and individual Si NRs are placed on the gold wire. Then by the help of piezodriven stage, the gold wire is moved toward the STM tip until an individual Si NR is in
contact with the IL (Figure 8.1a). The applied bias voltage, in range of 3-4 V, introduces
surface tension to the IL stream on the NR which causes Plateau–Rayleigh instability
phenomenon,138 and breaks the stream into droplets as shown in Figure 8.1b.
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Figure 8.1 (a) Schematic of STM holder experimental setup. As the STM tip is positively biased, IL flows
on the nanorods and Li ions diffuse into nanorods. (b) Shows the low-magnification image during the
lithiation experiment. The arrow indicates a droplet as the IL flows on the Si NR (the other arrow) from the
STM side to the gold wire.

Figure 8.2 shows still images of an in-situ video showing the effect of lithiation
on the geometrical structure of Si nanorods. The yellow arrows indicate the main
diffusion path for Li+ into the NR, as that is the contact point between the NR and ILs.
The red arrows in Figure 8.2 indicate the preferential locations where significant volume
straining was observed. In Figure 8.2a, the ionic liquids containing Li ions are located on
the far left side of the image and the Si NR was brought into contact with ILs. In less than
two seconds, the first changes were observed on the tip of NR (Location 1) and an area
very close to the tip (Location 2), as shown by the red arrows. These areas of the NR
continued to grow and became larger in size, however, their growth was almost stopped
after 14 seconds and another area (Location 3) started to expand in volume (Figure 8.2c).
This location of nanorod continued to grow as shown by the red arrows in Figure 8.2c-f.
Also, the radial straining is marked on Figure 8.2a-f and measured to be almost 10%. The
volume expansion in Si during lithiation is due to the formation of LixSi phases.40,48,131
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Figure 8.2 Snapshot series of lithiation process represents the swelling or radial straining at selective
locations (indicated with red arrows) of a Si NR.

Overall, two important observations can be made here. First, the lithiation process
does not start only at the contact point where the IL and NR meet. The process rather
starts at selective areas close to the surface of NR. This is somewhat in contrast with the
recent observation of the lithiation process in crystalline SnO2 nanowires where the
lithiation process was propagated into the nanowire from the interface.131 In principal,
due to surface coverage of ionic liquids on the nanorod, the surface diffusion, which has
lower activation energy compared to that of bulk, can be a faster path for the Li ions to be
transferred to the nanorods. In this scenario, the Li ions will face larger barrier energy to
diffuse into bulk Si in comparison to the surface channels.139,140 It is shown by Gai et
al.141 that due to the reduced energy barriers in nanomaterials, formation of the Li12Si7
phase takes place at lower temperature and applied voltage compared to that of the bulk
Si structure.
Second, there is selectiveness to the lithiation locations within the nanorod.
Initially, Locations 1 and 2 became lithiated and then Location 3 grew. While it is
unclear why the lithiation is localized in particular areas, speculations can be made on the
presence of structural disorder within the Si nanorods. The switching from Locations 1 or
2 to Location 3 can be explained by the fact that upon lithiation and associated nano86

scale crack formation during volume straining, the diffusion path for Li ions will be
disconnected. The interruption in Li channels will result in the stoppage of volume
growth and consequently the lithiation of other locations.
In order to identify if the observed structural features are due to the insertion of
lithium into the NR, a number of experiments were conducted with the same IL but with
no lithium content. Figure 8.3a shows an amorphous Si NR that is in contact with the IL.
It can be seen that after 60 minutes of being in contact with ILs with no Li content
(Figure 8.3d), no detectable deformation and/or phase formation was observed. The
diffraction pattern shown in the insets of Figure 8.3 a&e also indicate that the structure of
Si NR remained amorphous after 60 min. Therefore, the formations of particles observed
in Figure 8.2 are due to the diffusion of the Li into the Si NR and consequently the
formation of LixSi phases.

Figure 8.3 An amorphous Si NR in contact with the IL that has no Li content at (a) 0 min, (b) 10 min (c)
20 minutes, (d) 30 min, (e) 60 min. Insets in (a) and (e) show the diffraction pattern of the Si NR initially
and after 1hr of experiment.
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8.3.2 In-Situ/Ex-Situ Phase Transformation during Lithiation
In order to understand if the phase transformations observed during the lithiation
of Si NRs were assisted by the electron beam radiation, the structure of the in-situ
lithiated nanorods was compared with the ones lithiated ex-situ. The ex-situ experiments
were conducted in a half cell where a beaker cell of Li-ion battery was constructed in a
VAC (Vacuum Atmosphere Cooperation) glove box filled with argon gas.
Figure 8.4 compares the high-resolution TEM images and diffraction patterns of
an in-situ lithiated nanorod and an ex-situ lithiated nanorod. In Figure 8.4a&b, the bright
field TEM images of in-situ and ex-situ lithiated nanorods are shown in low
magnifications. Both nanorods have similar distribution of dark contrast particles. These
particles formed during the charging cycle and are expected to be various forms of LixSi
phases. Interestingly, these particles are crystalline, which means that amorphous Si
transforms to crystalline LixSi during lithiation. Figure 8.4 c&d show HRTEM images of
the Li22Si5 particles. The d spacing was measured to be 0.34 nm in in-situ lithiated
sample which is in good agreement with that of the ex-situ lithiated samples and other
reported results.142 Due to the crystallinity of these phases and associated strain energy of
their formation, one expects these particles to be darker in comparison to the surrounding
amorphous matrix. The analysis of the diffraction patterns shown in the Figure 8.4e&f
indicate that these LixSi particles are in fact Li22Si5 phases. This study indicates that the
in-situ lithiation experiments in TEM are in complete agreement with the ex-situ charging
tests and therefore the electron-beam assisted modification of Li ion diffusion can be
ruled out. In addition, one should note that the phase identification in this study has been
mainly based on HRTEM and diffraction analysis. In future research, it will be
interesting to study the possibility for the existence of any LixSi amorphous phases using
electron energy loss spectroscopy (EELS).
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Figure 8.4 (a) An in-situ charged Si NR contains several particles of Li22Si5 phase marked by white
arrows. Similar particle morphology was observed in the ex-situ fully charged Si NRs as shown in (b). (c)
and (d) represent the HRTEM images of the Li22Si5 particles indicating the crystalline nature of the lithiated
phase. The d spacing as shown in (d) measured to be 0.34 nm. (e) and (f) illustrate the electron diffraction
patterns of the lithiated NRs in in-situ and ex-situ experiments, respectively.

According to the Li-Si phase diagram,143 various forms of Li-Si alloys can form
including LiSi, Li12Si7, and Li22Si5. One expects the formation of a series of the LixSiy
phases as the concentration of Li increases in the Si structure. However, in this study we
only observed the direct formation of the Li22Si5 phase inside the amorphous Si. This is
in contrast with the x-ray diffraction (XRD) results of Obrovac et al.144 and Hatchard et
al.

145

where Li15Si4 was identified to be the fully lithiated phase during the lithiation of

Si at room temperature.
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This apparent discrepancy can be explained from both thermodynamic and kinetic
points of view. The standard Gibbs free energy for Li22Si5 is calculated to be -273
Kcal/mol as opposed to that of Li12Si7 which is -199 Kcal/mol.146 Hence, from the
thermodynamic point of view, the direct formation of crystalline Li22Si5 is expected to be
more favorable than amorphous silicon. One should also note that the structure of Si
nanorods is amorphous, meaning that no long-range order in atomic arrangements exists.
This disordering in the structure of amorphous Si can act as diffusion channels for the Li
ions to transport faster the crystalline Si.147 Therefore, from the kinetic point of view,
there is higher tendency to form the fully lithiated (and the most stable) form of Li-Si
alloy. Measurements by Wilkening et al.147 also indicated that activation energy of
amorphous LiNbO3 is less than 1/3 of microcrystalline one. Therefore, diffusivity of
elements such as Li in amorphous structures is much higher than that of the nanocrystal
and microcrystal ones. The last point is that the results from both Obrovac et al.144 and
Hatchard et al.145 showed that there was a critical thickness of 2µm above which the
crystalline Li15Si4 could form. In the case of NRs, since the diffusion path for the Li
atoms is significantly lower than that of the above-mentioned thick layers of a-Si, each Si
atom can be surrounded by higher number of Li resulting in the formation of Li22Si5.
Experimental results from another group also confirmed the formation of Li22Si5 phase
and 4200 mAhg-1 storage capacity was reported.47

8.3.3 The Effect of Contact Area in Ionic Liquids-Nanorods Interfaces
Figure 8.5 depicts the in-situ lithiation process for the two different cases where
Si NRs and ILs are in contact with each other. In Figure 8.5a, the tip of a Si NR is in
contact with IL (the Li+ path is shown schematically) and the lithiated Si NR is shown in
Figure 8.5b. As discussed before, the formation of Li22Si5 phases were observed (marked
by arrows). The overall radial straining of this NR was measured to be ~10%. Figure 8.5c
shows an individual NR where the sides of the NR are in contact with IL. In order to
better show the structural changes, three TEM images were overlaid. The sides of the NR
(1) are in contact with IL and the NR (2) and NR (3) were used to designate the region
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where the radial straining was observed (Figure 8.5c). The initial diameter of NR (1) was
measured to be ~26 nm and its amorphous structure is shown in the inset of Figure 8.6c.
Similar to the case in Figure 8.5b, the formation of Li22Si5 phase was observed as
indicated by arrows in the inset of Figure 8.5d. The NR (1) expanded from 26 nm to 70
nm as a result of Li insertion that can be estimated to be close to 270% straining in a
radial direction. Note, our intention is mainly to capture the swelling of the NRs rather
than the total volume straining. Therefore we did not keep track of the longitudinal
straining of the NRs as they perhaps elongate into the ILs.

Figure 8.5 (a) An individual Si NR that is in contact with the IL before lithiation. The Li ion diffusion is
along the axis of the nanorod. Image in (b) shows the NR after lithiation process with straining of ~10% in
diameter. (c) Individual Si NR in contact with IL from the side surface. The thickness of the NR was
measured to be 26nm before the lithiation and high resolution image (inset) shows the amorphous structure
of NR before lithiation. (d) After the lithiation process, the diameter of NR expanded to 70nm. Inset shows
a high-resolution image of Li22Si5 particles formed as a result of lithiation.

Inside a conventional Li-ion battery, anodes and cathodes are actually immersed
into the electrolyte. However, in the case where only the tip of NRs was in contact with
the ILs (Figure 8.6a), the regions of the NR close to the IL source were exposed to a
higher Li density compared to the areas away from the NR. This can also explain why the
majority of lithiation activities in Figure 8.2 were observed in areas close to ILs. In the
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case where the side of Si NRs is immersed into ILs (Figure 8.6b), Li ions have a larger
surface area to diffuse into the NR. Therefore, one expects the NR to expand more in
order to accommodate the volumetric strains. Therefore, increasing the surface area with
an electrolyte in Si NRs in ILs can better mimic the real-condition of battery charging.

Figure 8.6 Schematics of two cases of interactions at IL-NR interfaces are shown. Schematic (a) illustrates
the case where IL is in contact with the tip of a Si NR. Schematic (b) represents a case where the sides of
NR are dipped into the IL.

8.3.4 In-Situ Delithiation Process
By reversing the applied bias on the lithiated NR, the discharging process can be
studied. A nanorod was lithiated inside TEM as shown in Figure 8.7Ia-Ic, and 15%
straining in diameter was measured. By comparing Figure 8.7IIa-IIc, one can see that the
density of small particles was increased as a result of decomposition of larger particles
upon delithiation. Also, the in-situ delithiated NRs show 10% shrinkage in overall
diameter as a result of Li deintercalation. The shrinkage in diameter is due to the
decomposition of Li22Si5 to the structures with smaller unit cell volume (for instance
Li12Si7 in Ref.
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) or full extraction of Li ions from Li22Si5 phase. In fact, the white

arrows in Figure 8.7II-a and II-c point out a particle that completely vanished during
delithiation. In addition, in comparison to the initial diameter (Figure 8.7I-a), the
delithiated NR (Figure 8.7II-c) has a larger diameter by 5%. This residual straining
means that some of the Li ions that intercalated into Si did not leave the Si structure upon
delithiation. This conclusion also explains the irreversible capacity loss that has been
observed in Si structures.124,48
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Figure 8.7 (I-a to I-c) In-situ lithiation of an individual Si nanorod. Images on (I-b) and (I-c) represent the
formation of Li22Si5 after 20 and 30 min, respectively. The arrow in Image (I-c) indicates a crack formed on
the surface of Si NR during lithiation process. (II-a to II-c) The delithiation process is shown. The white
arrow in image (II-a) points to a Li22Si5 particle that disappears during delithiation process as shown in (IIb) and (II-c). In addition, a crack closure can be seen by comparing the images (II-a) and (II-c) and tracking
the black arrow.

It is generally speculated that the reduction of size in silicon to nanometer range
should improve its fracture toughness during lithiation.128,149,150 However, mechanical
failure in the form of crack formation was observed in our lithiated NRs. This means that
the induced-mechanical stresses due to lithiation can be large enough to initiate cracks
and eventually to pulverize nanoscale silicon into particles. Huggins and Nix128
calculated the critical size for fracture of a particle subjected to lithiation as below:
(8-1)

where, hc is the critical size, KIc is the fracture roughness in MPa

, B is the biaxial

Young’s modulus of the material and εT is the total strain. For silicon, the fracture
toughness is 10 MPa

and the strain due to formation of Li22Si5 is ≈400%.48

Therefore, the critical size under which the fracture does not happen can be estimated to
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be 75 nm. Here, the cracks were detected in the 55 nm Si NRs (marked by a dark arrow
in Figure 8.7II-a), which contradicts the theoretical predictions given in.128 In our case, Si
NRs with diameters less than 26 nm did not show crack formation upon lithiation (Figure
8.5d). This means that the theoretical models should be corrected in order to predict the
true critical size scale below which one should not expect cracking in Si upon lithiation.
However, it should be kept in mind that deterministic conclusion on an exact size scale
will be too speculative at this stage due to lack of statistical analysis.

8.1 Conclusion
In summary, one life-cycle of lithiation/delithiation process on a nanobattery was
performed using an in-situ electrochemical setup inside a transmission electron
microscope. Direct formations of Li22Si5 particles were recorded. Our results show that
the NRs are subjected to higher radial straining when there is larger surface area for the
diffusion of Li ions into the Si nanorods. The results suggest that there is a size-scale
regime beyond which the fracture toughness of Si nanorods is larger than the strain
energy required to induce cracking in Si nanorods. The Si nanorods with diameters of 26
nm did not fracture upon lithiation while nanorods with 55 nm were cracked. In addition,
Li22Si5 particles were not fully decomposed when subjected to delithiation. This
observation can explain the irreversible capacity loss in Si structures used in Li-ion
battery technologies.
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Chapter 9 -REAL-TIME OBSERVATION OF
LITHIUM FIBERS GROWTH INSIDE A
NANOSCALE LITHIUM-ION BATTERY
The material contained in this chapter was previously published in the ACS Nano
(Reprinted with permission from H. M. Ghassemi, M. Au, N. Chen, P. A. Heiden,
and R. S. Yassar, Applied Physics Letters 99, 123113 (2011). Copyright 2011,
American Institute of Physics).

9.1 Introduction
Lithium-ion batteries are of great interest due to their high energy density,
however, various safety issues such as lithium dendrite formation limit their practical
application.151,152 The formation of the lithium dendrite49 or accumulation of mossy
lithium153 on the anode electrode can create short-circuit after several lithiationdelithiation cycles, causing high-rate discharge. In a severe case, when a high rate of
overcharging is applied to the cell, it can catch fire or even explode.152 It was found that
there is a direct relationship between the current density and dendrite formation using
scanning electron microscopy.151 While more than two decades ago154,155 polymer
electrolytes were proposed as a solution, their application remains limited because of the
high working temperature need to achieve ionic conductivity of the polymer.156
Ionic liquids (ILs), discovered by Wilkes et al.,157 are liquid-like salts that are
composed solely of ions and have high ion conductivity with no structural variations.
Due to their physicochemical properties, many applications are possible.158,159 One is the
electrolyte of the lithium-ion batteries, where high ionic conductivity and zero electrical
conductivity are needed.160 However, despite the improved cycling performance
compared to the traditional electrolytes, the formation of lithium dendrite still occurs at
practical current density.161 Therefore, it is crucial to understand the mechanism of the
formation of lithium fibers to enable the safe and secure use of lithium-ion batteries in
mobile applications.
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To understand the Li fiber growth in ionic-liquid based batteries, we performed
in-situ lithiation experiments using Si nanorods (NRs) as the anode, LiCoO2 as the
cathode, and1-butyl-3-methylimidazolium (BMIMCl) ionic liquids (ILs) as the
electrolyte. The lithiation process was conducted inside a transmission electron
microscope (TEM) and the formation of Li fibers was observed. During the in-situ
experiments, the beam was expanded and condenser lens apertures were used to
minimize the beam intensity and radiation.

9.2. Experimental Procedure
Aligned silicon nanorods were grown on the Cu substrate using a glancing angle
deposition technique. The details of nanorod fabrication were reported in our previous
publication.137 LiCoO2 powder, purchased from Sigma-Aldrich, and was used as cathode
materials. A small amount of the cathode powders was glued on a gold wire and the
anode material was glued to the scanning tunneling microscope (STM) side
(Nanofactory™ STM sample holder). The gold wire with cathode and ILs was then
placed on a hat, which sits on the sapphire ball of the sample holder. The applied bias
voltage introduces surface tension to the IL stream on the NR, which breaks the stream
into droplets according to the Plateau–Rayleigh instability phenomenon.138 Here, we
biased the cathode -3.5V in relationship to the anode materials to initiate the releasing of
the Li+.

9.3. Results
Figure 9.1a represents a schematic of the in-situ experiment set-up inside the
TEM. As can be seen, the cathode is mounted on the gold wire and the Si NRs are placed
on the STM electrode. Figure 9.1b represents a typical configuration of a nano-battery
where the anode and ILs are in contact. Figure 9.1c shows that a thin layer of the IL is
formed due to the stream of the ILs in the presence of the applied voltage. Figure 9.1d
depicts a typical amorphous NR after one hour of the lithiation process, where arrows
indicate the formation of Li22Si5 phase with their electron diffraction pattern (EDP)
shown in the inset.
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Figure 9.1 (a) A schematic of the in-situ lithiation setup is shown where the anode is placed on the STM
and the IL is placed on the cathode. (b) The TEM image shows a nano-battery configuration in which the
Si NRs are in contact with the ILs prior to the lithiation experiment. (c)The formation of a thin layer of ILs
on the surface of ILs (the darker region) is shown. (d) The TEM image of Si NR structure after 1hr of
lithiation. Arrows indicate the Li22Si5 particles that are formed. Inset represents a diffraction pattern of the
lithiated Si NR indicating the presence of the Li22Si5 phase.

The growth of Li fibers was investigated by focusing on the evolution of IL-Si
NR interface. Figure 9.2a shows an IL droplet just before the lithiation process begins,
while the diffraction image in the inset shows a fuzzy pattern that indicates no crystalline
ordering presents. After the lithiation experiment took place, the formation of small
islands was observed on the IL (Figure 9.2b). The diffraction pattern in the inset of
Figure 9.2b confirms that these islands have a crystalline order similar to Li metals.
A snapshot series of the formation of Li islands in the IL is shown in Figure 9.2cg. The black arrow in Figure 9.2c-f follows the evolution of IL during the lithiation
process (Movie 1, Supplementary Documents). One can see that behind the movement of
the IL, small islands of Li remain (shown by the red arrows). The islands appear to have
random distribution. One can also notice that the islands do not move in the Movie. Note,
the lithiation experiments conducted for 60-90 minutes and the Movies in Supplementary
documents only represents few minutes of the formation and growth of Li fibers which
might be quiet short to notice any movement of the islands. The inset in Figure 9.2g
shows the EDP of the islands that confirms the formation of the crystalline lithium
islands. Note, the ILs have a low tendency to crystallize due to flexibility (anions) and
dissymmetry (cations),160 hence the EDP spots can only be correlated to the lithium
contents.
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Figure 9.2 (a) Represents a typical surface of ILs prior to the lithiation process; the EDP in the inset shows
no crystalline ordering can be found within the IL. (b) The nucleation of Li fibers during the lithiation
process. The EDP in the inset indicates the crystalline ordering within the IL.(c-g) Series of snapshots
taken from the real-time video indicate the appearance of the Li fibers at various stages. The inset shows
that the newly formed fibers have crystalline orders.

Wang et al.162 reported the changes in the distributions of anion and cations under
high electric field. His simulation study showed that, by increasing the externally applied
electric field, the ILs structure changed from spatially heterogeneous to spatially
homogenous and then to nematic-like. On the other hand, when the external electric field
is comparable to the electrostatic interactions between the cations and anions, the system
acts like a simple liquid with more freely moved ions.
Figure 9.3 shows the subsequent stages of Li islands growth. Figure 9.3a shows a
Si NR that is dipped into ILs from both sides. After almost 30 minutes of the lithiation
process, one can see the formation of lithium fibers as indicated with white arrows in
Figure 9.3b. As one expects, the growth of the Li fibers is in the same direction as that of
the applied electric field. Figure 9.3c and d represent the growth of lithium fibers toward
the cathode (Movie2 in the Supplementary Documents). This is in agreement with the
previous report that shows that lithium fibers form on the surface of the anode material
and grow toward the cathode, inside the electrolyte, due to the presence of an electric
field.49,163,131
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Figure 9.3 (a) Black arrows indicate an individual NR surrounded by IL. (b) Arrows indicate the formation
of Li islands on the NR. (c) Represents the growth of Li fibers. (d) The formation of kinks and growth of Li
fibers are marked by black arrows.

One can observe that each of the fibers grows rapidly to a certain length and then
slows or even stops and another fiber starts to grow (Movie 2, Supplementary
Documents). As the fibers grow, it seems that their length increases but the diameter
remains constant. The formation of kinks on the fibers during the growth stage was also
observed (as marked in Figure 9.3d). Note, the Movie 1 was captured from the early
stage of lithiation process, when the nucleation of Li islands took place inside the IL. The
Movie 2 represents the final stage of Li growth in the form of fibers on the surface of the
anode. These observations are in good agreement with the reported SEM observations.164
It was first reported165 that lithium deposits on the anode as needle-like during lithiation.
Upon delithiation process, if the dissolution current is larger than deposition current, then
they detach from the anode surface and float into the electrolyte. These so-called “deadLi” are electrochemically inactive but chemically active due to their large surface area
and responsible for the loss of cycling performance of the battery.
Runaway reactions can take place between the cathode and anode, risking
explosion and fire.166 Therefore, from a practical point of view, it is necessary to prevent
unwanted reactions and phenomenon due to the growth of lithium fibers. A number of
methods have been proposed to increase the safety of Li-ion batteries including the
replacement of the organic electrolyte with ionic liquids. However, the results of this
study shows that the Li fibers can nucleate and grow in such ionic liquid electrolytes.
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Therefore, further studies should be pursued to design the electrolytes that prevent the
growth of Li fibers.

9.4. Conclusion
A nanoscale Li-ion battery was constructed inside a transmission electron
microscope to study the formation of lithium fibers during the lithiation process. The
ionic liquids served as the electrolyte to enable the observation of electrochemistry
process. Interestingly, it was observed that, in addition to the lithiation of Si NRs, some
Li islands formed inside the IL. These islands continued to grow as Li fibers toward the
counter electrode parallel to the applied electric field. The formation of Li fibers can
induce possible short circuit and compromise the safety of the Li-ion battery. The
experiments shown in this study can elucidate understanding of the formation and growth
mechanism of the lithium fibers using different electrolytes to diagnose the safety issue
toward the next generation of high performance Li-ion batteries.
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Chapter 10 -DISCUSSION
Mechanical and electrical characterizations of one-dimensional nanostructures
can be amazingly different than those of their bulk. Therefore, to utilize their
applications, it is desirable to directly measure the properties of nanostructures and
investigate their behavior in various environments. Furthermore, combination of
mechanical and electrical characterization techniques enables researchers to conduct new
experiments such as operating a nano-battery inside the electron microscope. Hence,
several areas of interests can be studied and developed using in-situ techniques. Below is
the discussion of our investigations on different properties of two different onedimensional nanostructures, namely, boron nitride nanotubes and Si nanorods.

10. 1.

In Situ Mechanical Characterizations of BNNTs

It was found out that the bending deformation behavior of BNNTs depends on the
magnitude of the mechanical straining. We categorized the bending angle into two
regimes. Under small-bending deformation, where the bending angle is less than 65°,
several BNNTs recovered their original shape upon removing the applied force. In this
regime, the nanotubes did not reveal any residual deformation. This behavior is highly
desirable in fabrication of robust nanodevices such as rotational actuators.167
In the next step, the buckling mechanism in multi-walled BNNTs upon severe
mechanical deformation were studied, to better understand the elastic recovery of the
BNNTs. High-resolution TEM images revealed that bent BNNTs form multiple rippling
upon buckling. Our calculations also revealed that the critical strain to form the first
ripple was 4.1% and the buckling process was reversible up to 26% strain. As opposed to
carbon nanotubes, the BNNTs buckled into V-shaped ripples rather than smooth wavy
shapes.
It is proposed that in the buckled region B-N bonds convert to B-B and N-N
bonds, which is thermodynamically unfavorable to form. Therefore, as the applied force
is released and the nanotubes return back to the original straight shape, the B-N bonds
form again to minimize the overall energy of the system. In order to reduce the increase
in the thermodynamic energy of the system during buckling, nanotube tends to form
101

buckles with larger wavelength to reduce the number of these unfavorable sites. This is
different from the behavior of CNTs since the switched bond is still C-C. Hence, the
thermodynamic energy of the system is not increased significantly and the wavelengths
are reported to be shorter. These results revealed the underlying mechanism which is
responsible for the high flexibility of the BNNTs.
Interestingly, BNNTs showed structural failure during the cyclic bending at largeangle of bending, up to 120°. The in-situ results revealed that the brittle failure
mechanism was initiated from the outermost walls and propagated toward the tubular
axis with discrete drops of applied forces. Force-displacement plot of a BNNT which was
correlated to the fracture failure cycle indicated two distinct drops of the force before the
failure was completed. These two drops represented the initiation and propagation in the
nanotube’s shell-walls. Furthermore, the cross-section of the fractured BNNT remained
tubular and the inner channel could be clearly observed. These observations suggested
that the breakage of the nanotube shells is brittle. Based on these observations, one can
modify the design of a nano-device, flexible MEMS integrated circuit, in which BNNTs
undergo extreme applied force.

10. 2.

In Situ Electrical Characterizations of BNNTs

The electrical properties of pure BNNTs were then studied using in-situ
techniques inside TEM. Our measurements showed only few nA current flow under
applied bias voltage up to 80 V for pure and stress-free BNNTs, which further confirm
the insulating behavior of BNNTs. Further calculation revealed the resistance of the
BNNTs to be ~10 GΩ which is in good agreement with the reported values.96 Therefore,
it is shown that, for instance, BNNTs can be used as insulator coating in applications
such as nano-cables.168 These nano-cables, considering the high-mechanical stability of
BNNTs, are suitable for application in harsh environments.
Next, the nanotubes were subjected to series of mechanical straining while I-V
data was simultaneously collected. The applied stress changed the conductivity of
BNNT; hence, higher electrical currents were detected at elevated strain levels. We then
calculated the semiconducting parameters of the BNNTs as a function of applied stress.
Results showed that the resistance of BNNT (dV/dI) can be tuned in a wide range of
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2000-769 MΩ under minimum and maximum bending deformations. Calculations also
indicated that the electron concentration increased by a factor of 3, however, the carriers
mobility was decreased. The reduction in carrier mobility can be correlated to the
scattering between electron-phonon under the applied electric field, or due to presence of
impurities similar to the reported results for graphene.103 These results revealed that the
mechanical properties of BNNTs can be combined with tunable electrical characteristics
to build future micro- and nano-electronic devices, such as nano-sensors.169
Field emission (FE) characteristics of individual BNNTs were also measured and
structural evolution were studied inside the TEM. The results revealed that the emission
of electron starts at a particular voltage of ~65 V, also known as turn-on voltage, and
exponentially increases to 140 nA at 110 V. The turn-on voltage is calculated to be ~325
V/μm and the current density of an individual BNNT is measured as ~1 mA/cm2 at
voltage of 110 V. Our results revealed that by assuming the work function of pristine
BNNT as 6 eV, field enhancement factor, β, is equal to 98. The FE experiments were
repeated to further investigate the structural and emission stability of the BNNT upon
four cycles of emission. The nanotube showed that in the 2nd cycle of FE, the turn-on
voltage is increased from 65 V to ~80 V and the emission current dropped slightly to
~120 nA. FE cycles 3 and 4 represent further degradation of emission current as well as
higher turn-on voltages, respectively. In the 4th cycle the amount of emission current
drops almost 90% in comparison to the 1st cycle. The TEM analysis of the FE cycled
nanotube revealed the likelihood of structural decomposition that can explain the
reduction in the field enhancement factor. As the FE experiments were conducted, due to
the high emission current density, the temperature of the sample is increased and reached
to the decomposition temperature at which the B-N bonds start to break. The volatile
nitrogen atoms leave the structure and are released into the vacuum while the B atoms
remain. Therefore, as the nanotube decomposed, nitrogen which contributes 5 electrons
compared to boron with 3 electrons leave the structure and emission current of the
nanotube degraded significantly.
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10. 3.
In Situ Electrochemical Lithiation/Delithiation of Si
Nanorods
In-situ electrochemical lithiation and delithiation of amorphous Si nanorods
revealed the direct formation of Li22Si5 phase due to intercalation of Li ions. From the
kinetic point of view, crystalline Li22Si5 phase tends to form, directly from the amorphous
phase, as the highly lithiated (and the most stable) form of Li-Si alloy. Electron
diffraction patterns along with high-resolution TEM images were also in good agreement
with our ex-situ results. Therefore, the electron-beam assisted modification of Li-ion
diffusion can be ruled out. It was also found out that the lithiation of Si was dominated by
surface diffusion due to smaller barrier energy compared to bulk diffusion mechanism. It
should be noted that nanostructures possess significantly higher surface area compared to
the bulk materials. Selective diffusion of lithium also was observed, hence, there were
different sites which were selectively lithiated during the experiment one after each other.
This observation was somewhat in contrast with the recent observation of the lithiation
process in crystalline SnO2 nanowires where the lithiation process was propagated into
the nanowire from the interface.131
In the next step, different tests were conducted to study the effect of contact area
on the anode-electrolyte interface. In-situ observations revealed that when the tip of the
nanorod is in contact with the electrolyte only 15% radial expansion took place as a result
of lithiation process. However, when the nanorod was immersed into the electrolyte the
radial straining of 270% was observed. Therefore, increasing the contact area between
the electrolyte and anode material can better mimic the real-condition of battery
charging.
To further analyze the Li intercalation in a life cycle of a battery, the direction of
bias voltage was reversed to extract the lithium from Si nanorod. In-situ observations
illustrated that most of the dark contrast, due to the formation of Li22Si5, disappeared
upon delithiation process. However, some particles were still remained after delithiation
process which indicated that some of the lithium was entrapped inside the anode.
Therefore, upon the next lithiation process less amount of lithium can diffuse into the
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anode material which means that the storage capacity is decreased. In another word, the
initial capacity of Si anode cannot be obtained in the next (irreversible capacity loss).
After the delithiation process, one could notice that majority of the radial
expansion of 15% was recovered. However, there was still 5% radial expansion left in the
structure due to the presence of entrapped lithium. Interestingly enough, the crack which
formed due to the radial expansion during the lithiation process was closed after the
delithiation process due to shrinkage of the structure. Based on the proposed theory128 on
the critical size for fracture of a particle, Si nanorods with diameter below 75 nm should
not form any crack during the lithiation. Comparing the lithiation process of nanorods
with different diameters, we did not observe formation of any crack in a nanorod with
diameter of 26 nm, which suggested that the fracture roughness is increased compared to
a nanorod with diameter of 55 nm. Therefore, it was understood that to prevent the
mechanical failure and pulverization of Si materials, amorphous Si nanorods with
diameter of ~26 nm is a superior candidate.
A major safety issue with lithium-ion batteries is the formation and growth of
lithium fibers on the anode surface. The formation of the lithium dendrite or
accumulation of mossy lithium on the anode electrode can create short-circuit after
several lithiation-delithiation cycles, causing high-rate discharge. Our study revealed that
the growth of the Li fibers is in the same direction as that of the applied electric field.
One can observe that each of the fibers grows rapidly to a certain length and then slows
or even stops, and another fiber starts to grow. These fibers can be detached during the
delithiation process and float into the electrolyte causing the loss of cycling performance
of the battery. Thus, safety of the lithium-ion batteries can be elevated by preventing the
formation and/or growth of the Li fibers on the anode surface.
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Chapter 11 -Conclusions
In this research, mechanical and electrical properties of boron nitride nanotubes as
well as electrochemical characterization of amorphous Si nanorods were investigated.
BNNTs were grown on a silicon substrate using CVD techniques. In-situ characterization
techniques were carried out inside TEM.
(i) In-situ study on the bending deformation of individual BNNTs revealed that
the behavior is unlike under different regimes. At low bending angle (~65°) the
nanotubes recovered their initial straight shape. For the high-angle (~120°) cyclic
bending, in-situ TEM imaging allowed the real-time recording of the shell-walls failure
initiation and propagation process. Brittle mechanism was observed for bending failure of
BNNTs. The drops of the measured force corresponding to the failure of shell-walls
determined the contribution of shell-walls on the overall strength of nanotubes.
(ii) High-resolution TEM images revealed that bent BNNTs form multiple
rippling upon buckling. The rippling wavelength, λ , nanotube outer diameter, r , and
thickness, h, are correlated through the relationship of λ/(rh)0.5 =1.45. It was also found
that the buckling was reversible up to 26% strain. As opposed to carbon nanotubes, the
BNNTs buckled into V-shaped ripples rather than smooth wavy shapes. The BNNTs
showed a larger rippling wavelength compared to that of CNTs with the same number of
walls. This difference was explained by the tendency of BN structures to reduce the
number of thermodynamically unfavorable B–B and N–N bonds at the sharp corners in
the rippling regions. The BNNTs’ structure also exhibited a higher fracture strain
compared to their counterpart.
(iii) Real-time monitoring of the thermal decomposition of the BNNTs, under the
Joule heating experiment, revealed the failure mechanism of the nanotubes. HRTEM
showed that failure was due to the dissociation of atomic structure resulting in the
formation of nanoparticles with different sizes and population density. These particles
form mostly on outer shell layers, and the presence of structural defects may act as the
active site of dissociation event.
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(iv) Electrical measurements showed that individual BNNTs exhibit the current
density of ~1 mA/cm2 at 110 V and turn-on voltage was 325 V/μm. However, structural
degradation was observed only after 4 cycles of emitting and the emission current
dropped significantly. Measurements on the semiconducting parameters of individual
BNNTs revealed that the band gap can be tuned by means of mechanical deformation.
Based on the amount of strain, resistance of individual BNNT was engineered in the
range of 2000-769 MΩ and electron concentration was calculated to be 0.35-1.1*1017
/cm3 in that range of strain with slight decrease in the mobility of the carriers.
(v) The lithiation of individual Si NRs revealed that higher radial straining took
place when there was larger surface area for the diffusion of Li-ions into the Si nanorods.
The results suggest that there is a size-scale regime beyond which the fracture toughness
of Si nanorods is larger than the strain energy required to induce cracking in Si nanorods.
The Si nanorods with diameters of 26 nm did not fracture upon lithiation while nanorods
with 55 nm were cracked. In addition, Li22Si5 particles were not fully decomposed when
subjected to delithiation.
(vi) Study on the formation and growth of the lithium fibers on the anode
materials revealed that in addition to the lithiation of Si NRs, some Li islands formed
inside the IL. These islands continued to grow as Li fibers toward the counter electrode
parallel to the applied electric field. The formation of Li fibers can induce possible short
circuit and compromise the safety of the Li-ion battery.
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Chapter 12 -Future Works
This PhD project was mainly focus on mechanical and electrical properties of
pure multi-walled BNNTs as well as electrochemical characterization of Si anode
nanorods. However, various aspects of these investigations were remained to be
explored. Below, three future projects are proposed to further study and investigate insitu properties of these materials.

12. 1.
Chemical Effect on the Mechanical Properties of
BNNTs
BNNTs can be doped with elements such as carbon resulting formation of BCN
nanotube170,171,172,173,174 or be decorated by transition metals such as Ti or Pd on the outer
or inner surface.175,176 In contrast to several theoretical studies,177 experimental reports on
various properties of doped-BNNTs are still limited. Therefore, the mechanical properties
can be different because the B-N bonds convert to B-C and/or C-N bonds. These new
nanostructures can be good candidate for nanoscale electronic devices and photonic
applications.178
To further understand the effect of chemical alteration on the mechanical
properties, several in-situ experiments can be designed and performed. For instance, one
can study the mechanical respond of the doped-BNNTs under applied force and
investigate the deformation mechanism. As discussed in Chapter 6, BNNTs have
potential applications in micro- and nano-electronic devices, for instance as nanoswitches where the structure undergoes several loading-unloading cycles. Therefore,
investigation on the structural stability of the doped-BNNTs under cyclic deformation is
important. In case of fracture failure of the doped-BNNTs, one can compare the type
failure mechanism to that of the pure BNNTs.
In addition to compression tests, tensile experiments can also be performed inside
TEM.179,180 To perform a tensile test, one needs to weld the two ends of the nanotubes to
the AFM tip and gold wire by focusing the electron beam on the contact points.174,181
Therefore, one can obtain the true stress-strain from the force-displacement plot, hence;
the Young’s modulus as well as the ultimate tensile strength can be calculated. These
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results can be further analyzed and compared to that of the pure BNNTs to investigate the
effect of chemical alteration on the mechanical stability of the nanotubes.

12. 2.
Chemical Effect on the Electrical Properties of
BNNTs
Some of the electronic applications of pure BNNTs might be limited due to their
wide bandgap of ~6 eV. However, their electrical properties can be tuned by either
straining or chemical alteration. The latter approach can significantly lower the bandgap,
especially by means of conductive elements.96,110,182 Therefore, one can investigate the
effect of doping elements on the bandgap, as well as its type.183,184
The conductivity of doped-BNNTs is expected to be higher than that of the pure
BNNTs due to reduction in the conduction band energy.185 Following the calculations
presented in Chapter 6, semiconducting parameters such as resistivity, electron
concentration and carrier mobility can be calculated as a function of doping element and
its concentration. Therefore, a comprehensive study is needed to investigate and
understand the mechanism of bandgap alteration based on the type of the doping element.
Furthermore, the FE characteristics of doped-BNNTs are expected to enhance
compared to that of the pure one. It is experimentally reported110 that gold enhances the
field emission properties of the pure BNNTs. However, the effect of different doping
elements is still unexplored and needs further investigations. By synthesizing different
concentrations of each doping elements, the FE characteristics can be optimized.
Moreover, the stability of the emission current can be investigated. As discussed in
Chapter 6, structural decomposition can take place as a result of high emission current
which leads to the degradation of the FE properties. From this point of view, the FE
failure mechanism of doped-BNNTs is another step to explore.

12. 3.
In-Situ Electrochemical Characterizations of
Cathode Materials
Currently, majority of investigations in the lithium-ion batteries area are focused
on optimization of the anode materials. However, to further develop high-power batteries
for hybrid cars,186,187 the properties of cathode materials should also be investigated.188 It
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is shown that during charging-discharging cycles, the electrical conductivity of the
cathode materials diminishes significantly.189 It is also reported that in different cathode
materials formation of oxide layer is responsible for this degradation and can be
minimized by surface coating.190
LiCoO2 is one of the most commercially used cathode materials due to its
convenience and simplicity of preparation. Even though the theoretical capacity is
calculated to be 273 mAhg-1, only ~140 mAhg-1 can experimentally be obtained.191
Several studies were carried out to enhance the capacity by coating the cathode material
192

as well as by means of their morphology and shape.193,194 To completely understand

the phenomena responsible for the capacity retention upon extraction of Li+, in-situ
techniques can be designed to characterize the phase transformation. It is also reported
that over-delithiation can cause of ~9% volume shrinkage in the cathode materials which
causes pulverization over life-time.190
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Appendix-A: BORON NITRIDE PHASES
Boron nitride structures consist of boron and nitrogen atoms. Since a B-N bond
possesses the same amount of electron as that of the C-C bond in a carbon structure, they
are considered to have covalent structure as well. Various crystallographic phases of BN
exist, such as hexagon, wurtzite, rhombohedral and cubic.195 Schematic of these structure
are shown in Figure A. 1.

Figure A. 1 Schematics of different phases of BN structures corresponding to (a) hBN, (b) wBN, (c) rBN
and (d) cBN.195 (Reprinted with permission from Phys. Rev. B 50, 7884–7887 (1994) . Copyright 1994,
American Physics Soceity Ltd.) DOI: 10.1103/PhysRevB.50.7884

Hexagon and rhombohedral structures BN structures include two sp2 bonds,
however cubic and wurtzite structures possess two sp3 bonds. At high temperature and
pressure, hBN can be converted to cBN in bulk form. BN nanotubes have hBN structure
where B atoms in one layer are bonded to N atoms of adjacent layers, also known as
AA’AA’….. stacking sequence.170
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Appendix-B: ON THE RELATIONSHIP BETWEEN
TEMPERATURE AND CURRENT DURING JOULE
HEATING EXPERIMENTS

Based on the thermionic field-emission model,196 one can correlate the amount of

passing current through the sample to the increase in the temperature during the Joule
heating experiment. Therefore, current density is a function of temperature using the
equation below:

J (V , Qb ) = A*T 2 exp(−

Qb
qV
qV
) exp(
) *{1 − exp(−
)}
kT
nkT
kT

(B-1)

where A* = 4πm * qk 2 / h 3 is the Richardson constant of the semiconductor, Qb is the
effective Schottky barrier height, k is the Boltzmann constant, q is the magnitude of the
electronic charge, T is the absolute temperature, and n is the ideality factor which is a
dimensionless quantity for describing the deviation of the diode from an idea Schottky
barrier with n=1. Following the above-mentioned calculations, one can plot the changes
in the temperature based on the current density as shown in Figure B. 1. These results are
in good agreement with the reported results.117

Figure B. 1 Plot of increase in temperature as a function of current density.
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